Feasibility study for the application of DTS as an advanced monitoring and control system for steam-assisted EOR by Isaak, Anatoli & Isaak, Anatoli
  
IMPERIAL COLLEGE LONDON 
 
 
 
 
 
Department of Earth Science and Engineering 
 
Centre for Petroleum Studies 
 
 
 
 
 
 
 
 
Feasibility study for the application of DTS as an advanced monitoring and control system for 
steam-assisted EOR 
 
 
By 
 
 
Anatoli Isaak 
 
 
In Conjunction with Wintershall Holding GmbH 
 
 
 
 
 
 
 
 
 
A report submitted in partial fulfilment of the requirements for 
the MSc and/or the DIC. 
 
August 2010 
 
 
2                                           [Feasibility study for the application of DTS as an advanced monitoring and control system for steam-assisted EOR] 
DECLARATION OF OWN WORK 
 
 
 
 
 
 
 
I declare that this thesis 
 
 
 
 
“Feasibility study for the application of DTS as an advanced monitoring and control system for 
steam-assisted EOR” 
 
 
 
 
is entirely my own work and that where any material could be construed as the work of others, it is fully 
cited and referenced, and/or with appropriate acknowledgement given. 
 
 
 
 
 
 
 
 
Signature:..................................................................................................... 
 
 
Name of student: Anatoli Isaak 
 
Name of supervisor: Dr. Matthew Jackson 
 
Names of industry supervisors: Patrick von Pattay 
 
 
 
 
 
 
 
 
 
 
[Feasibility study for the application of DTS as an advanced monitoring and control system for steam-assisted EOR] 3 
Abstract 
 
In the Emlichheim heavy oil reservoir steam injection is implemented to decrease the oil viscosity and to 
enhance production. Since 1950 the average production has been 1 million bbls/a. Steam-assisted 
operations require monitoring techniques to observe the temperature of the liquid rate. Based on these 
measurements the movement of steam in the reservoir can be understood and the distribution of steam 
patterns in the reservoir can be modeled. The production management uses these temperature 
measurements to decide whether the liquid rate in a well should be decreased or increased. The challenge 
and the aim is to avoid steam breakthrough at producers, to maintain the maximum amount of heat in the 
reservoir, to distribute it homogeneously throughout the reservoir and finally to increase recovery. Today, 
the temperature measurements in Emlichheim are performed in production wells at the wellhead but the 
actual temperature along the reservoir formation is unknown. This means that reservoir management is 
strongly based on wellhead temperature (WHT) measurements, which represent only an average 
temperature of the liquid rate. With the installation of distributed temperature sensing (DTS) a 
measurement each meter from the top to the bottom of the reservoir is possible. A decision whether to 
decrease or increase the production in a well can therefore be based on the temperature at the formation. 
This study is a detailed and quantitative analysis of the Emlichheim reservoir to establish whether a 
decision based on DTS measurement would add value to the operations in terms of additional recovery, 
compared with the system of temperature measurement at the wellhead. 
Two liquid rate control strategies are compared. The first strategy represents the current strategy in 
Emlichheim, where temperature is measured at the wellhead and the liquid rate is decreased when a limit 
temperature at the wellhead is reached. The second strategy is temperature measurement at the sandface 
using DTS where the liquid rate is decreased when a limit temperature at the formation is reached. 
The study shows that with DTS installation a higher recovery can be achieved, but this additional 
recovery is marginal. A simple cost benefit analysis reveals that the additional gain in production is not 
sufficient to cover the costs for DTS equipment, installation, operation, interpretation and replacement. 
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Abstract
In the Emlichheim heavy oil reservoir steam injection is implemented to decrease the oil viscosity and to enhance production. 
Since 1950 the average production has been 1 million bbls/a. Steam-assisted operations require monitoring techniques to 
observe the temperature of the liquid rate. Based on these measurements the movement of steam in the reservoir can be 
understood and the distribution of steam patterns in the reservoir can be modeled. The production management uses these 
temperature measurements to decide whether the liquid rate in a well should be decreased or increased. The challenge and the 
aim is to avoid steam breakthrough at producers, to maintain the maximum amount of heat in the reservoir, to distribute it 
homogeneously throughout the reservoir and finally to increase recovery. Today, the temperature measurements in Emlichheim 
are performed in production wells at the wellhead but the actual temperature along the reservoir formation is unknown. This 
means that reservoir management is strongly based on wellhead temperature (WHT) measurements, which represent only an 
average temperature of the liquid rate. With the installation of distributed temperature sensing (DTS) a measurement each 
meter from the top to the bottom of the reservoir is possible. A decision whether to decrease or increase the production in a 
well can therefore be based on the temperature at the formation. This study is a detailed and quantitative analysis of the 
Emlichheim reservoir to establish whether a decision based on DTS measurement would add value to the operations in terms of 
additional recovery, compared with the system of temperature measurement at the wellhead. 
Two liquid rate control strategies are compared. The first strategy represents the current strategy in Emlichheim, where 
temperature is measured at the wellhead and the liquid rate is decreased when a limit temperature at the wellhead is reached. 
The second strategy is temperature measurement at the sandface using DTS where the liquid rate is decreased when a limit 
temperature at the formation is reached. 
The study shows that with DTS installation a higher recovery can be achieved in Emlichheim, but this additional recovery is 
marginal. A simple cost benefit analysis reveals that the additional gain in production is not sufficient to cover the costs for 
DTS equipment, installation, operation, interpretation and replacement. 
 
Introduction 
Wellbore monitoring is an important tool to observe the changes in the wellbore during production. The aim is to react fast, 
remediate the well and thereby enhance production based on the observations made. The installation of fiber optics in the well 
as data transmitters of pressure and flow rate and as a monitoring tool for temperature measurement dates from 1990 (Brown et 
al, 2002). Distributed temperature sensing (DTS) is today the most mature fiber optic technology. The first commercial large 
scale installation of DTS was carried out 1996 in the heavy oil steam assisted Bakersfield oilfield in California (Goiffon et al, 
2006). In the oil and gas industry, DTS fiber optics are installed in the wellbore to measure the temperature in real time along 
the entire length of the well (Goiffon et al, 2006; Ouyang et al, 2004; Brown et al, 2002; Nath et al, 2005; Wang et al, 2008; 
Johnson et al, 2006; Johnson et al, 2002). Such measurements provide extensive diagnostic capacities. From the measured 
temperature profile the inflow profile in producers or the injection profile in injectors can be inferred (Brown et al, 2002; Fryer 
et al, 2005; Ouyang et al, 2004; Wang et al, 2008; Johnson et al, 2006). DTS is used in gas lift wells to verify the location of 
valves or identify leaks in the tubing (Wang et al, 2008). In oil wells, DTS can identify gas breakthrough (Ouyang et al, 2004). 
In the presence of gas, the properties of the Joule-Thomson effect are used when gas cools down during a pressure drawdown 
(Johnson et al, 2006). In addition, the oil and gas flow behind the casing can be detected (Ouyang et al, 2004). 
Especially during steam flood operations, DTS is used to identify steam breakthrough points in producers (Nath et al, 2005; 
Wang et al, 2008; Johnson et al, 2002) and steam entry points in injectors (Nath et al, 2005) as well as to monitor the steam 
movements in observation wells. As the steam injection matures, it is possible to identify in observation wells the cooler zones 
with oil left behind (Nath et al, 2005). The greatest advantage to steam flood management is the proactive case where an early 
warning system of potential steam breakthrough is created (Johnson et al, 2006). This means that the operator can react and 
remediate the wells before the steam breakthrough occurs. As a result, the steam management can be improved and the 
Imperial College 
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productivity of the well and the recovery factor of the field be enhanced (Johnson et al, 2002). 
The experience of DTS installation in the oil and industry shows that the technology can provide the following advantages: 
 continuous temperature measurement along the entire length of the well (Goiffon et al, 2006; Brown et al, 2002; Nath 
et al, 2005; Wang et al, 2008; Johnson et al, 2006; Johnson et al, 2002) 
 electrical passiveness allows installations in explosive environments (Goiffon et al, 2006; Ouyang et al, 2004) 
 no wireline interventions (Goiffon et al, 2006) 
 operation at temperatures up to 300°C (Goiffon et al, 2006; Batocchio et al, 2010) 
 with the information obtained from the measurement, the reservoir model can be improved (Saputelli et al, 1999) 
 installation of DTS in harsh environmental condition like arctic, jungle or desert (Kragas et al, 2002) 
A successful field application of DTS in Indonesia was able to identify steam breakthrough in producers and casing leak in an 
injection well (Nath, 2005). However, despite the advantages of DTS, several studies show the limitations of the technology, 
because the analysis of DTS data is complex (Johnson et al, 2006). For the derivation of flow profiles from DTS the following 
parameters have to be taken into account and additional measurement from the bottom of the well are needed. The 
Joule-Thomson effect has to be taken into account and the geothermal gradient must be known (Brown et al, 2002; Ouyang et 
al, 2004). Furthermore, the fluid types, fluid properties, formation properties, wellbore completion and well deviation must be 
known to define the inflow profile properly (Ouyang et al, 2004; Wang et al, 2008; Johnson et al, 2006). The prediction of 
inflow profiles from temperature measurements is only unique in steady state conditions, when only one phase is entering the 
wellbore (Ouyang et al, 2004; Wang et al, 2008). In two phase flow or multiphase flow, the flow profile is often non-unique. 
The reason for this is that the energy balance in two phase and multiphase flows is more difficult to assess compared with 
single phase flow (Ouyang et al, 2004). Here, additional bottom-hole data like pressure, flow rates or liquid holdup are 
required (Ouyang et al, 2004; Wang et al, 2008). Hence, to derive the flow profiles from DTS, an advanced thermal model and 
additional measurements are required. The first quantitative investigation of flow profiles was carried out in injection wells in 
1953 and revealed a good match between the temperature profiles and the injection profiles (Nowak, 1953). The interaction of 
heat between the wellbore and the formation during production along the entire length of the well is also problematic as it is 
different in each well. The first analytical approach for steady-state heat transmission in injection wells was proposed in 1962 
(Ramey, 1962). The material itself can also cause a limitation of use. Even with protecting coating around the fiber, mechanical 
damage of the fiber optic is a serious problem during installation since the fiber is fragile and can easily break (Corbett et al, 
2002; Carnahan et al, 1999; Eriksson, 2001). To obtain accurate results, the length of the fiber is limited to 15 km, which is 
sufficient for well installations (Wang et al, 2008). Within this range, the resolution is approximately 0.1°C and the accuracy 
± 1°C (Goiffon et al, 2006). Despite the protective coating around the fiber optic, at temperatures above 150°C hydrogen 
ingress damages the fiber. The hydrogen causes darkening of the fiber, which results in higher attenuation. Unless the 
attenuation factors are known this renders the measurement results useless (Carnahan et al, 1999). Finally, the costs for 
equipment, installation, operation, interpretation and replacement are still high, which makes DTS a rarely used tool. This is 
especially true for reservoir and production management of mature fields, which might still have high potential. However, the 
installation of DTS in these fields would only be feasible with the obtainment of useful additional information based on which 
decisions could be made for the improvement of production management and the enhancement of recovery – simply if it would 
add value. 
The Emlichheim oil field is such a mature field where production started in 1944. The field consists of 14 compartments where 
recovery factors range from under 10% to over 50%, depending on the production status and has therefore still high potential 
for future developments, which makes it a potential candidate for the application of DTS. The field contains heavy oil with a 
highly temperature dependent viscosity. At an initial temperature of 37°C the viscosity of the oil is 175 cP. To decrease the 
viscosity of the oil the operator implements steam-assisted enhanced oil recovery (EOR) where 300°C steam is injected into 
the reservoir. When the temperature of the oil rises to 150°C, the viscosity of it decreases to 3 cP and the mobility is improved 
significantly. In the heavy oil steam flood operation like Emlicheim the generation of steam accounts for the bulk energy 
consumption. The aim of the steam injection operations is to transfer the maximum amount of heat from the injected steam into 
the reservoir. These aspects are important because with the proper placement of steam, the maximum amount of oil can be 
heated and therefore mobilized. When premature steam breakthrough at a producer occurs, then the operations failed to place 
and distribute the steam effectively throughout the reservoir. Hence, a direct connection between the producer and the injector 
is created; as a result the steam moves along the path of least resistance: the rest of the reservoir is not heated up and oil is left 
behind. Furthermore the watercut at the producer increases and the oil production therefore decreases. The energy efficiency of 
a steam flood project is measured by the steam oil ratio (SOR), the ratio being the volume of steam injected set against the oil 
produced. With inefficient placement of steam in the reservoir this ratio becomes higher, the efficiency of the project decreases 
and costs increase. In addition, overburden and underburden structures can influence the steam management significantly. 
Although the steam propagates in the reservoir the overburden and the underburden structures withdraw the heat from the 
reservoir formation, since they also have a certain thermal conductivity. This phenomena increase the SOR and the efficiency 
of the project decreases. On the other hand these structures store the heat and after steam injection is finished, they give a 
certain amount of heat back to the reservoir formation. Hence, the SOR decreases and the efficiency of the project increases. 
However, the overall heat losses can be immense and should be considered during operations. 
The aim of the production management in Emlichheim is therefore to avoid early steam breakthrough at producers and to 
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distribute the maximum amount of steam in the lateral direction. The instrument used today to detect steam breakthrough is 
temperature measurement at the wellhead. When the temperature at the wellhead reaches a limit temperature, the flow rate of 
the well is reduced. As a result of this, steam movement in the reservoir towards the hottest producer is slowed down. 
Additionally, to distribute the heat laterally through the reservoir, the liquid rate in the other producer is increased. This action 
leads to an increased drawdown and results in an increased liquid and steam movement towards this well. Finally a better 
spread of steam in the reservoir is achieved, resulting in higher recovery. 
However, the temperature monitoring at the wellhead has limitations. The temperature of the flow rate at the wellhead is 
proportional to the average temperature of the liquid rate and is defined as: 





n
i
i
n
i
ii
wh
q
qT
T
1
1~     (1) 
where Twh is the temperature at the wellhead in °C, Ti the temperature of the layer i in °C and qi the liquid rate of the layer i in 
m
3
/d. Each layer might have different temperatures and different flow rates but during the flow along the well the liquids from 
each layer are mixed, and finally at the wellhead only an average temperature can be seen. Hence, at the wellhead nothing is 
known about the temperature distribution at the sandface and the temperature response of the individual reservoir layers. For 
example, if there are two layers and each layer produces 10 m
3
/d of liquid, it may be the case that the temperature of the layers 
is 50°C in each, resulting in a WHT of 50°C. Alternatively, the temperature of the first layer may be 75°C and of the second 
layer 25°C, also resulting in a WHT of 50°C. Although the WHT in both cases is the same, the temperature at the formation is 
in the second case significantly higher in one layer compared with the first case. A steam breakthrough in the second case has 
already occurred but cannot be seen at the wellhead. In the second case the cold water in layer two could be an influx from e.g. 
previously implemented cold water injection. 
During the measurement of the WHT the following points should be considered: The absolute temperature change due to steam 
breakthrough at the wellhead is smaller compared with the absolute temperature change at the layer. The absolute change in 
temperature at the wellhead is dependent on the flow rate from the contributing layer. The WHT change will always be time 
delayed compared to the temperature at the layer. From WHT measurements, the location of the layer with the steam 
breakthrough is not known. The WHT monitoring and control technique is time delayed and not precisely enough. This makes 
it a reactive technique which comes into effect only after a steam breakthrough has already occurred. 
By comparison, with DTS installation the absolute temperature change and the location of the hottest layer are detected 
immediately when steam breakthrough occurs, independently of the flow rate. The relevant gain of information for Emlichheim 
using DTS could be the earlier detection of steam breakthrough resulting in earlier rate control compared with WHT 
monitoring. The bottom hole temperature (BHT) monitoring and control technique using DTS is therefore a highly sensitive 
reactive technique, which does not avoid steam breakthrough, but comes into effect immediately after the steam breakthrough 
occurs at the formation. 
The idea to implement DTS in Emlichheim to monitor the temperature profile at the sandface has been under consideration for 
a period of time. However, the high costs of DTS equipment, installation, operation, interpretation and replacement inhibited 
its implementation. In this study, a detailed and quantitative analysis has been undertaken to investigate whether DTS would 
bring value in terms of additional recovery. 
The aim of this study is therefore to investigate whether, with the installation of DTS, additional value in terms of recovery can 
be achieved. The study suggests that the earlier detection of steam breakthrough is the added information that can be extracted 
using DTS. Based on this information the decision of an earlier rate control could be implemented and a more efficient 
distribution of the steam in the reservoir could be achieved. By implementing earlier control of the production rate, the study 
further attempts to ascertain what would be the potential additional cumulative oil production. The additional oil would come 
from the allocation of the flow rate from wells with steam breakthrough and usually high watercut, to wells with low 
temperature and a lower watercut. 
In this study, a conceptual reservoir model of Emlichheim with one injector and four producers was simulated using the two 
temperature monitoring techniques, that of temperature measurement at the wellhead and DTS. The study considers that the 
temperature monitoring technique using DTS results in an added value compared with temperature control at the wellhead. 
 
Emlichheim Oilfield 
Overview 
The Emlichheim oilfield is located onshore in northwestern Germany near the Dutch border (Figure 1). The reservoir is in the 
southern part of a faulted anticline structure propagating from the west in the Netherlands to the east in Germany (Jelgersma, 
2007). The Schoonebeek oilfield in the Netherlands and the Emlichheim, Rühlertwist and Rühlermoor oilfields in Germany 
belong to the same structure (Jelgersma, 2007). The reservoir was discovered in 1943 and production started in 1944. It has a 
STOOIP of approximately 220 MMbbls and produces since 1950 with an average plateau production of 1 million bbls/a. 
The field was developed in several steps using different recovery methods. From 1944 to 1951, the primary field production 
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was due to the natural drive of the reservoir. In 1952, secondary production with cold water injection for pressure support 
started. Tertiary production started in 1966. In the short period from 1966 to 1969, steamsoak or so-called “huff n puff” was 
implemented. Here alternated oil production and steam injection occurred in the same well. In 1967 hot water injection started, 
where water at 160°C was injected in the reservoir. Finally, steam injection was started in 1981, where 300°C steam is injected 
in the reservoir. To date the reservoir has produced 67 MMbbls crude oil and 137 MMm³ associated gas. In 2009, 
1 million bbl crude oil and 2 MMm³ associated gas were recovered from 91 wells.  
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Figure 1 - Location of the Emlichheim reservoir 
 
Geology 
The reservoir formation is Valanginian sandstone from the Lower Cretaceous, which is unconsolidated, well-sorted, marine 
sandstone. The reservoir formation shows a coarsening upward sequence with better reservoir properties at the top. The shale 
content is very low and the lateral distribution of the sand throughout the reservoir is homogeneous. The reservoir contains 
laterally distributed calcite layers, which are cemented and form vertical flow barriers as will be discussed later in detail. 
 
Reservoir parameters 
The depth of the reservoir is 700-900 m tvdss and the net thickness is in average 30 m. The reservoir has an average porosity of 
30%. The horizontal permeability ranges from 300 mD at the bottom, up to 15,000 mD at the top of the reservoir, see Figure 2. 
The reservoir contains medium heavy oil, which is, with a density of 904 kg/m³, relatively high. At the reference depth of 
800 m tvdss the initial pressure was 85 bar and the initial temperature 37°C. At the initial temperature, the viscosity of the oil is 
150 cP. With increasing temperature, the viscosity decreases and that is the aim of the steam flood projects. Increasing the 
temperature to 150°C results in a decrease of oil viscosity to 3 cP, see Figure 3. 
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Figure 2 – Horizontal permeability of the 
reservoir formation 
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Figure 3 - Viscosity dependency from temperature 
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Hence, the mobility ratio decreases by a factor of 15 and the oil becomes more movable. Simulation experience, measurements 
in the field and laboratory tests show that the above mentioned parameters are well known or homogeneously distributed 
throughout the reservoir and are not subject to uncertainty. However, the spatial distribution of the calcite layers (see section 
Multiple realizations), kv/kh ratio (see section Multiple realizations) and the production history (see section Production History) 
are subject to uncertainty. This study therefore looks at the uncertainties which might be relevant for the simulation study, 
since they could influence the steam movement in the reservoir. The aim of a proper uncertainty management is to have a 
spread of different possible models and to cover different realizations of the reservoir. Finally, the decision whether DTS 
should be installed is not based on just one model but on a spread of models. Here, a spread in recovery factors will indicate 
the mean and the standard deviation, for decision making. A brief summary of the certain and uncertain parameters is given in 
Table 1. 
 
Table 1 - Certain and uncertain parameters in the Emlichheim reservoir 
 Uncertainty 
Level 
 
Impact on 
simulation 
Comment 
Initial Temperature 
 
Low Low Repeated wireline logging and slickline measurements. 
 Initial Pressure Low Low Repeated wireline logging and RFT measurements. 
 Oil density Low Low Several PVT analysis in the laboratory. 
Water density 
 
Low Low Several PVT analysis in the laboratory. 
Oil viscosity 
 
Low Low Several PVT analysis in the laboratory. 
Water viscosity  
 
Low Low Several PVT analysis in the laboratory. 
Porosity 
 
Low Low Wireline logging, core plugs and drill cuttings analysis. 
 Permeability 
 
Low Medium Wireline logging and core plugs. Lateral permeability is homogeneous. At the top of the reservoir high 
permeable streaks dominate. However, the reservoir formation is unconsolidated sand and an extraction of 
a viable sample was difficult. 
 
kv/kh ratio  High High Wireline logging and core plugs. The reservoir contains calcite layers, which affect the vertical permeability 
at the location of their appearance. The calcite layers enhance the lateral but hinder the vertical movement 
of the fluids. Again, due to the unconsolidated formation, the extraction of a viable sample was difficult. 
 
Swater during steam 
injection 
 
High Medium Steam injection changes significantly Swater distribution throughout the reservoir. 
Calcite layers 
 
High High The location and thickness of calcite layers in older wells were deduced from the rate of penetration and in 
more recent wells from drill cuttings, core plugs and logs. 
 
 
Model Description 
Reservoir Model 
The Emlichheim reservoir consists of 14 compartments. For each compartment a separate reservoir model exists. A medium 
sized model has more than 600,000 grid cells and the simulation runs for 6 hours on a 1.83GHz computer. To save 
computational time and to avoid numerical challenges, the simulation is performed on a smaller conceptual sector model with 
fewer wells, representing a part of the actual Emlichheim reservoir. The sector was built from scratch using the geometry and 
the reservoir properties of the Emlichheim reservoir. 
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Figure 4 - Conceptual reservoir model 
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Figure 4 shows the conceptual reservoir model from the top, which measures 290 m in width and 300 m in length. The bigger 
cells are 10x10m and the smaller cells around the wells are 2x2m in size. The model has 49 grid cells in the I-direction, 38 grid 
cells in J-direction and 50 grid cells in the K-direction, resulting in 93100 active grid cells. No faults are included in the model. 
A dip from the north to the south of 9% is implemented as the reservoir is the southern part of an anticline. Due to the dip, one 
injector in the south and four producers in the north were implemented. The model consists of a 58.1 m thick overburden, a 
30 m thick reservoir and a 81.4 m thick underburden structure. The top of the reservoir is in the north at 750 m tvdss and in the 
south at 800 m tvdss. The overburden and underburden formations are relevant for the study because heat also moves in these 
formations. The thermal conductivity of the overburden and the underburden is 150 kJ/m/day/°C, that of the reservoir is 380 
kJ/m/day/°C. The rock properties are summarized in Table 2.  
 
Table 2 - Rock properties of the conceptual reservoir model 
Formation Number Layer DZ [m] Permeability X [mD] Permeability Y [mD] Permeability Z [mD] Porosity [%] 
Thermal conductivity 
[kJ/m/day/°C]  
Overburden 1-10 58.1 0 0 0 5 150 
Reservoir 11 1 15000 15000 7500 33 380 
Reservoir 12 6 1500 1500 750 30 380 
Reservoir 13 2 4500 4500 2250 31 380 
Reservoir 14 4 1200 1200 600 29 380 
Reservoir 15 4 1200 1200 600 29 380 
Reservoir 16 4 1350 1350 675 29 380 
Reservoir 17 9 150 150 75 27 380 
Underburden 18-27 81.4 0 0 0 5 150 
 
Specific heat rock and fluid data are shown in Table 3 and additional reservoir model properties are shown in Table 4. 
 
Table 3 – Specific heat rock and fluid data 
 Volume specific heat of rock Fluid specific heat data 
Temperature Reservoir Over- and Underburden Oil specific heat Water specific heat Gas specific heat 
[°C] [kJ/rm³.°C] [kJ/rm³.°C] [kJ/kg.°C] [kJ/kg.°C] [kJ/kg.°C] 
50 1500 28800 2.6 4.18 1.9 
100 1590 30800 2.9 4.19 2.1 
150 1690 32200 3.2 4.21 2.3 
200 1780 33300 3.5 4.25 2.5 
250 1820 34400 3.8 4.34 2.7 
300 1850 35600 4.1 4.45 2.9 
 
Table 4 - Model properties 
Reservoir Length [m] 290 
Dimensions Width [m] 300 
 Height [m] 30 
Reservoir Initial Temperature [°C] 37 
Properties Initial Pressure [bar] 85 
Fluid Oil density [kg/m³] 904 
Properties Water density [kg/m³] 1089 
 Oil viscosity [cP] @ 37°C 150 
 Water viscosity [cP] @ 37 °C 0.8 
 Mobility @ 37°C 187.5 
 Oil viscosity [cP] @ 150°C 3 
 Water viscosity [cP] @ 150 °C 0.24 
 Mobility @ 150°C 12.5 
 Initial Water Saturation 8% 
 
An edge-water drive aquifer is attached in the southern part of the reservoir with an oil water contact at 900 m tvdss. Since the 
sector model is at the higher northern part of the reservoir, the aquifer is below the sector model and was therefore not 
implemented into the model. 
The grid structure was generated with GOCAD
®
 and imported into PETREL
®
. 
 
Local grid refinement 
In order to monitor the temperature development around the wells a Cartesian local grid refinement (LGR) was performed. 
Laterally the Cartesian LGR was used and applied to all grid cells in the x and y directions where the well is located. Even if it 
results in more grid cells, this brings the advantage that no additional neighbouring conditions are added as would be the case if 
only the cells around the wells were refined. Thus the model remains numerically easy to solve and the computational time is 
kept to a minimum. LGR was also implemented in the vertical direction to resolve the temperature vertically. The 30 m thick 
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reservoir formation was vertically divided into 30 layers each 1 m thick. Hence it is possible in the simulation to monitor the 
temperature in the reservoir every 1m. This corresponds to the spatial temperature resolution achieved by DTS measurements. 
 
Method 
Multiple realizations 
The Emlichheim reservoir is quite homogeneous. The reservoir thickness, porosity and horizontal permeability are 
homogeneous distributed in the lateral direction throughout the reservoir. The dip is approximately 9°. The faults are well 
known. Operator experience shows that these properties are not a subject of uncertainty as discussed above. Hence, it is not 
relevant to vary these properties and they will remain constant throughout the study. 
The porosity and permeability are laterally homogeneously distributed throughout the reservoir. They were derived from logs 
and core plugs (Dewenter, 1998). However, based on the operator values a permeability porosity relationship was built up and 
a regression was calculated. The permeability was then distributed thoughout the reservoir based on the observed porosity. 
However, the reservoir contains other uncertainties, which are relevant for further study (see section Reservoir parameters) and 
they will be implemented throughout the study. 
The first uncertainty is the duration of cold water and hot water injection, which would influence the water saturation and they 
were therefore slightly varied (see next chapter, Production History). 
The second uncertainty is the kv/kh ratio, which is, at 0.5, very high. The reservoir sandstone is unconsolidated, well-sorted, 
marine sandstone and it is difficult to extract a core plug during the drilling operation without damaging it. Therefore, the 
measured vertical permeability is very high. Since the permeability was measured on core plugs the effect of the calcite layers 
is not captured and the permeability at the full field scale is uncertain. Furthermore, at the wells the steam can move easily in 
the vertical direction and propagate further horizontally through highly permeable layers at the top of the reservoir. This is a 
problem since the oil in layers with low permeability will be left behind. A geostatistic approach was used to populate the static 
model with the kv/kh ratio, where a uniform distribution from 0.3 to 0.7 was used. 
The third uncertainty is the spatial distribution of the calcite layers throughout the reservoir. This parameter might influence the 
vertical as well as the lateral movement of the steam since the calcite layers are impermeable. When steam moves below a 
calcite layer than it cannot move vertically and therefore it propagates laterally only. In this reservoir with a high kv/kh ratio of 
0.5, these calcite layers might play an important role in the recovery from layers with low horizontal permeability. The lateral 
distribution of the calcite layers disturbs the effect of a high kv/kh ratio by forming vertical flow barriers. An internal study was 
done in 2003 to map the spatial distribution of the calcite layers in the reservoir (Wixforth, 2003). Nevertheless, data was 
limited and uncertain since the location and the thickness of the cemented calcite layers were deduced at the old wells from the 
rate of penetration. A lower rate of penetration indicated hard rock, which was inferred to the cemented layer. In more recent 
wells, drill cuttings, core plugs and wireline logging were used to identify cemented calcite layers. 
There are three main regions which contain calcite (Figure 5). The internal carbonate study from 2003 contains a variogram 
with which the spatial distribution of the calcite layers in the reservoir was calculated (Wixforth, 2003). A variogram is used in 
geostatistics to calculate the variation of spatially dependent parameters like the calcite layer distribution. The fraction of 
calcite bodies relative to the whole formation in each layer is approximately 35%. Accordingly, for the multiple realizations a 
normal distribution for the fraction of calcite layers with a mean of 35% and a standard deviation of 2% were used. 
 
10 m
 
Figure 5 – Slice of the reservoir model shows the calcite layers in grey 
 
To generate continuously connected cemented calcite bodies a sequential indicator simulator (SIS) was used (Deutsch and 
Journel, 1998). SIS is a stochastic simulator where it is possible to generate equiprobable models based on certain parameter, 
which means it is possible to simulate multiple realizations of a model. In this study, the parameter of interest is the distribution 
of the calcite layers. For SIS a normal distribution for the fraction of calcite layers with a mean of 35% and a standard 
deviation of 2% were used. The calcite fraction was distributed with the so-called sequential indicator simulator (SIS) (Deutsch 
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and Journel, 1998) and a variogram derived from the calcite study in 2003 (Wixforth, 2003). The resulting variogram has 
ranges 327x257x1m (azimuth 90°) and a nugget of 0.4. With SIS, each model is different. The creation of multiple reservoir 
models allows the capture of a certain range of uncertainty of the spatial distribution of calcite layers. 
Based on the SIS a qualitative simulation was done in PETREL
®
 using the FRONTSIM
®
 simulator. The SIS generated 140 
cases. Each case was simulated for 20 years production and it took approximately 4 minutes per run. 
Despite the fact that each geological model is simulated independently of the others, there are models, which show similar flow 
behaviors and are therefore not needed to describe the range of uncertainty of the model. A recently developed method, the 
distance kernel method (DKM) was used to select a certain number of models which cover the whole range of uncertainty from 
an exhaustive set of models (Scheidt et al, 2009). The DKM consists of the following procedural steps: 
1. Multiple reservoir models are generated 
2. These models are placed into a dissimilarity distance matrix. The distance between the models shows their 
dissimilarity regarding a certain response of interest, here the cumulative oil production and cumulative water 
production (Scheidt et al, 2009). 
3. By using multidimensional scaling (MDS), the full set of realizations is plotted into a Euclidean space R. Each model 
is depicted as a point, where the distance between the points represents the dissimilarity of the reservoir model 
realizations (Scheidt et al, 2009). 
4. By applying kernel k-means (KKM) a certain number of clusters out of the full set of points are selected. A cluster 
contains several points where points close to each other are designated as part of the same cluster. These points have 
therefore similar properties in terms of flow behaviour. Finally, from each cluster a point is selected (Scheidt et al, 
2009). 
5. A P10, P50 and P90 analysis based on the cumulative oil production can be carried out to do quality control and 
therefore to compare the selected models with the whole set of models and to ascertain whether the selected points 
cover the full uncertainty of simulation (Scheidt et al, 2009). 
 
A PETREL
®
 plug-in called METREL is available to perform DKM and was used to select 10 simulated models for further 
study out of 140 models, see Figure 6. The response of interest was the cumulative oil production after 20 years. The 
10 selected models represent approximately 7% of the total number of realizations. To perform quality control of this method, 
a quantitative uncertainty analysis based on the cumulative oil production with P10, P50 and P90 quantiles of the 140 models 
and the 10 selected models was performed, see Figure 7. A good correlation of the quantiles can be observed thus showing the 
DKM method as a valuable tool to perform uncertainty analysis on a high number of models and finally select a small number 
of models for further simulations (Scheidt et al, 2009). 
 
 
Production History 
On the conceptual model a production history similar to the production history of the Emlichheim oilfield was created. The 
history consists of two phases; the first phase is cold-water injection followed by the second phase of hot water injection at 
160°C. The reservoir consists of 14 compartments and in each compartment the duration of cold water and hot water injection 
varied. This means before the steam injection starts, the oil saturation might vary for each case. In order to capture this effect 
and  to simulate variations in water saturation, the duration of each phase was varied resulting in three different histories: 
 
1. 20 years cold water (CW) injection and 20 years hot water (HW) injection 
2. 25 years CW injection and 15 years HW injection 
3. 15 years CW injection and 25 years HW injection 
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Figure 6 - 140 simulated cases with 10 selected cases shown in red 
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Figure 7 - P10, P50 and P90 for 140 cases and 10 selected 
cases 
[Feasibility study for the application of DTS as an advanced monitoring and control system for steam-assisted EOR] 17 
 
Finally, the 10 selected models were simulated with the three different histories, resulting in the overall total of 30 simulated 
models with 40 years history each. 
 
Prediction 
The prediction is based on 20 years steam injection at 300°C. Two strategies were simulated that of liquid rate control with 
WHT monitoring and BHT monitoring. 
1. Steam injection with WHT monitoring → Emlicheim strategy 
The temperature of the flow rate is monitored at the well head. By exceeding a certain limit temperature (T limit) at the 
wellhead, the liquid flow rate (Qliquid) of this well is reduced by |Qtrigger|. In contrast, the flow rate in the coolest well is 
increased by |Qtrigger|, if its watercut (WCT) is smaller compared to the hottest well, otherwise the flow rate is 
increased at the 2
nd
 coolest well etc., see the workflow chart in Figure 8 (Addiego-Guevara et al, 2008). The overall 
field liquid production and water injection rate will remain constant. The temperature decrease in the hottest well after 
liquid rate reduction is time delayed. Hence, to avoid that the rate is triggered several times in series resulting in a 
rapid liquid flow rate drop-out in the hottest well, the subsequent temperature check after the first triggering action 
will be performed 1.5 years later. After the 2
nd
 triggering, 3
rd
 triggering etc. the same check time will be implemented. 
2. Steam injection with BHT monitoring → DTS strategy 
The temperature will be monitored every 1m along the reservoir formation as is the case in DTS installations. By 
exceeding a certain limit temperature (Tlimit) at the wellhead, the same trigger mechanism is implemented as in the 
Emlichheim strategy except that the temperature monitoring is along the formation, see Figure 8 (Addiego-Guevara et 
al, 2008). 
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Figure 8 - Workflow chart for the rate control during steam injection 
 
The production rate in each producer prior to rate control is Qliquid=20 m
3
/d. For the hottest well a triggering value of t=30% is 
used; that means the flow rate is reduced by 30%. The temperature decrease after rate decrease is time delayed. Trials indicated 
that with a value lower than 30%, the temperature at the hottest well would not drop sufficiently. On the other hand, a value 
18                                          [Feasibility study for the application of DTS as an advanced monitoring and control system for steam-assisted EOR] 
higher than 30% would result in a significant decrease of the liquid rate. For the 2
nd
 hottest well a smaller triggering value of 
t=10% was used because the temperature at the 2
nd
 hottest well is not rising so rapidly compared to the hottest well and this 
value is sufficient enough to decrease the temperature at the 2
nd
 hottest well. At the hot wells the following equation is used to 
reduce the liquid flow rate: 
n
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where Qn
HW
 is the liquid rate of the hottest well after the n
th
  rate control in m
3
/d, Qliquid is the liquid rate prior to rate control in 
m
3
/d, t the triggering value in % and n the number of the control procedure. 
The reduced amount of liquid rate at the hottest well is relocated to the coldest well using the following equation: 
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where Qn
CW
 is the liquid rate of the coldest well after the n
th
 rate control in m
3
/d, Qliquid is the liquid rate prior to rate control in 
m
3
/d, t the triggering value in % and n the number of the control procedure. 
In the simulation, the four wells are grouped according to temperature and group control production applied. The first group 
consists of the hottest well and the coldest well, the second group consists of the second hottest well and the second coldest 
well. The triggering value is applied at the hot well and the group control production automatically adjusts the liquid rate at the 
cold well. The liquid rate is allocated within these two groups, which allows the total liquid rate to be maintained at a constant 
level. The triggering mechanism to perform liquid rate allocation is realized in ECLIPSE
®
 with the ACTIONX keyword. 
 
Selection of cases 
In steam flood operations the temperature is monitored constantly. Wells with a high temperature of the produced fluid are 
subject to rate control. The wells with little temperature increase are not subject to rate control. In order to see the possible 
potential of each well, all 30 models were simulated for 20 years steam injection without intervention. The aim is therefore to 
select the cases where temperature control would add value, otherwise it will not be investigated further. From the selected 
cases a certain spread of models will remain. The cases which do not add value, no DTS would be installed a priori. The 
watercut and the wireline measurements in the field would indicate early enough if the installation of DTS is reasonable. All 
120 producers from the 30 models were analyzed. The analyzed parameters were wellhead temperature, watercut and 
cumulative oil production at the end of the 20 years steam injection. To relocate production, a model should have producers 
with high temperature and high watercut as well as producers with low temperature and low watercut. All 10 models from each 
history were ranked in terms of the temperature difference between the hottest and the coolest well. The higher this value, the 
more likely temperature control can be implemented with the relocation of production from the hottest to the coolest well. 
Furthermore, the watercut differences between the watercut of the hottest well and the watercut of the coolest well were put in 
numerical order. The higher this value, the more potential of additional production exists. The ranking showed that the 
different histories had no significant impact on the watercut. Finally Table 5 shows that CASE_7, CASE_68, CASE_93, 
CASE_105 and CASE_123 from each history were selected for further study. Hence, 15 models are subject to further 
investigation. 
 
Table 5 - Ranking of the models; at the table head the first number is the duration of cold water injection and the second number of 
hot water injection. 
Ranking 15 years HW 25 years CW 20 years HW 20 years CW 25 years HW 15 years CW 
1 CASE_105 CASE_105 CASE_105 
2 CASE_68 CASE_68 CASE_7 
3 CASE_123 CASE_7 CASE_68 
4 CASE_7 CASE_123 CASE_93 
5 CASE_93 CASE_93 CASE_123 
6 CASE_94 CASE_94 CASE_66 
7 CASE_73 CASE_73 CASE_73 
8 CASE_66 CASE_66 CASE_94 
9 CASE_52 CASE_52 CASE_52 
10 CASE_132 CASE_132 CASE_132 
 
Figure 9 shows CASE_105 after 20 years cold water (CW), 20 years hot water (HW) and 20 years steam injection (SI). The 
producer P3 shows a high temperature increase (ΔT) of 23°C and a high watercut of 94%. In contrast, producer P1 shows a 
small temperature increase of 1°C and a watercut of 85%. Hence, the production from P3 can be relocated to P1 to decrease the 
temperature at P3 and increase the field oil production rate due to the lower watercut of P1. The same procedure will be carried 
out with producers P4 and P2. CASE_105 is therefore a good example, where temperature control can bring value in terms of 
additional production. 
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Figure 10 shows an example, where the temperature at the wells is not rising enough to implement temperature control. 
Furthermore no alternative exists to relocate production from the hottest producer P3, because the watercut of the cooler wells 
is higher. The reason for the high watercut could be that the steam front did not reach the producers and that the high watercut 
is coming from the previous cold water and hot water injection. CASE_66 is therefore not suitable for the control method and 
is not a subject to further investigation. 
 
Simulation Study 
The simulation study was performed on the ECLIPSE
®
 E100 with temperature option. The simulation was not done in 
ECLIPSE
®
 E300 or ECLIPSE
®
 E500 due to the immense computational time. The 15 previously selected models were 
simulated for WHT control and BHT control with five different Tlimit, resulting in 150 simulations, see Figure 11. 
 
CASE_#
WHT
40°C 44°C 48°C 52°C 56°C
BHT
40°C 44°C 48°C 52°C 56°C
 
Figure 11 – Simulations with different control temperatures 
 
Results 
After the simulation, the recovery factors were extracted from each model and the WHT control simulations were compared 
with the BHT control simulations. From each model, the maximum recovery of the WHT control technique and the maximum 
recovery of the BHT control technique were extracted. Figure 12 shows a histogram of all 15 cases with the optimum recovery 
factors from the WHT control technique. In Figure 13, a histogram of all 15 cases with the optimum recovery factors from the 
BHT control technique can be seen. 
Compared Figure 12, Figure 13 indicates a light shift of the recovery factors to the left. This means that the recovery factors 
from the BHT control technique are greater, than the recovery factors from the WHT control technique. However, to see the 
added recovery in percent from each case the quotients of the optimum recovery from the BHT control technique to the 
optimum recovery from the WHT control technique were taken. Figure 14 shows the histogram. The maximum possible 
recovery gain is 0.173%. 
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Figure 9- Case 105 (20 years CW, 20 years HW, 20 years SI) 
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Figure 10 - Case 132 (20 years CW, 20 years HW, 20 years SI) 
20                                          [Feasibility study for the application of DTS as an advanced monitoring and control system for steam-assisted EOR] 
 
0
1
2
3
4
5
6
0.006 0.028 0.049 0.070 0.091 0.113 0.134 0.155 0.176
Additional Recovery Factor [%]
F
re
q
u
e
n
c
y
0
2
4
6
8
10
12
14
16
C
u
m
u
la
ti
v
e
 F
re
q
u
e
n
c
y
 .
 
Figure 14 - Histogram with the ratios in each case of the 
BHT control technique to WHT control technique. The blue line 
shows the cumulative histogram. 
 
A simple cost benefit analysis is performed based on the conceptual sector model. The maximum additional recovery of 
0.173% was obtained in model CASE_91 with an oil in place of 3.73 MMbbls. In a period of 20 years DTS will be installed in 
the two hottest wells and a replacement of the optic cable is assumed every 2 years due to its degradation, resulting in overall 
of 20 optical cable replacements. The personnel costs of the service company are at 1000€/day and the workover costs are at 
2800€/day. It is assumed that the first installations of DTS would take 5 days due to the unknown conditions in the well (sand 
deposit in the liner), where the other installations would take 1 day. Hence, it is assumed that the installations will take in 
average 1.4 days. For the two wells only one DTS Box with surface electronics for 43,000€ will be used. Table 6 shows the 
costs for DTS equipment, installation and interpretation. Even without taken the costs for the operation and interpretation of 
DTS and the losses of production during the installation and replacement, the costs over 20 years are at approximately 
550,000€. Table 7 shows the final cash flow of approximately 410,000€ over 20 years with an assumed oil price of 80$/bbl and 
an exchange rate of 0.8€/$. Hence, the benefit analysis indicates negative cash flow, making the permanent DTS installation 
uneconomic. 
 
Table 6 - Costs of DTS installation and replacement 
 Costs per unit [€] Quantity of units Days Total costs [€] 
DTS Box 43000 1 - 43000 
Optic cable 20000 20 - 400000 
Service company 1000 20 1.4 28000 
Workover 2800 20 1.4 78400 
Sum 66800 - - 549400 
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Figure 12 – Histogram with the optimum recovery factors from the 
WHT control technique in orange. The blue line shows the 
cumulative histogram. The mean is at μ=0.3136 and the standard 
deviation is at σ= 0.0323.  
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Figure 13 – Histogram with the optimum recovery factors from the 
BHT control technique in orange. The blue line shows the cumulative 
histogram. The mean is at μ=0.3138 and the standard deviation is at 
σ= 0.0325. 
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Table 7 - Cash flow 
Oil in place [bbl] 3730000 
Maximum additional recovery 0.00173 
Additional Oil [bbl] 6453 
Oil price in [$/bbl] 80 
Exchange rate [€/$] 0.8 
Total cash flow [€] 412986 
 
Discussion 
Contrary to expectation, the study did not reveal a significant recovery gain. The observed difference in terms of recovery 
between the WHT control technique and BHT control technique is with a maximum value of 0.173% not enough to achieve 
any economic benefit from the application of DTS. 
A possible reason for the maximum added value of 0.173% in terms of recovery could be the fact that the difference in time 
taken for the WHT control technique and the BHT control technique to come into effect is relatively small (an average of 
1 year). The reason for this is that the reservoir section shows a coarsening upward sequence with very high permeability up to 
15,000 mD at the top of the reservoir and these layers are therefore even more preferable for the flow than anticipated in the 
beginning of the study. Figure 15 shows that at the first five meters from the top of the reservoir with high permeability layers 
show the highest liquid flow rate and highest temperature along the entire formation. Hence, the temperature profile and the 
flow rate profile correlate strongly. In this region more than 95% of the total flow rate is located. The contribution of the flow 
rate from the colder regions is under 5% which means that the average temperature of the total flow rate is insignificantly 
lower than the temperature of the hottest layer. There is therefore a delay of an average 1 year between the wellhead 
temperature and that of the hottest layer. Before the simulation study it was assumed that the flow from the high permeable 
layers at the top of the reservoir would not dominate the flow that significant. The expectation was that the influx from the 
previously injected CW and HW would be stronger, as it is the case in some of the wells in the excluded models. Hence, the 
simulation did not indicate variations of the temperature profile to e.g. the delayed production of the initially injected cold 
water as some might have expected. However, the results are quantitative and useful since the simulation indicated that the 
installation of DTS don not bring value in Emlichheim. 
 
Figure 16 shows a fictive liquid rate and temperature profile from the same well as in Figure 15. The temperature at the 
wellhead and the overall flow rate is the same as in Figure 15, but the temperature at the formation and the liquid rate from 
each layer are different. This example could represent a case where a steam breakthrough in the reservoir had already occurred 
but which had been masked by the influx of relatively cold water from e.g. previous injection or a bottom water drive. Here, 
the high temperature of the steam breakthrough is reduced by the previously injected cold water or bottom water drive and at 
the wellhead; as a result, the same average temperature will be monitored as in Figure 15. With the same temperature at the 
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Figure 15 - Flow rate and temperature vs. depth for CASE_105 after 
40 years production.  
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Figure 16 - Flow rate and temperature vs. depth with the same 
wellhead temperature and overall liquid flow rate as in Figure 15. 
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wellhead, the maximum temperature at the formation in Figure 16 is, at 48.7°C, higher compared to the maximum temperature 
of 43.5°C at the formation in Figure 15. Hence, the BHT control technique in Figure 16 would come into effect much earlier 
compared to Figure 15. This example emphasizes the additional value of information that can be observed with DTS 
installation. 
However, despite the fact that DTS technology would not bring value in terms of additional recovery, the utilization of DTS as 
a slickline service at reduced cost could bring value for the actualization and the optimization of the reservoir model. Here, 
more knowledge would be gathered about the reservoir and a history match could be performed to match the temperature 
distribution in the reservoir. 
 
Conclusion 
The maximum added value of the BHT control technique compared the WHT control technique in terms of additional recovery 
would be approximately 0.173% in Emlichheim. The resulting additional production over the lifetime of DTS installation is not 
sufficient to cover the costs for DTS equipment, installation, operation, interpretation and replacement. The architecture and 
the properties of the reservoir could be the reasons. With a gain in time of an average of only 1 year and an already mature 
reservoir with a long production history and relative high watercut, it was not possible to produce sufficient oil to make DTS 
an applicable tool with a positive cash flow. 
However, the study investigated only two techniques: that of WHT control technique, which represents the current Emlichheim 
procedure, and the BHT control technique, which represents a procedure based on DTS measurements. The BHT control 
technique is the simplest technique, which could be implemented in Emlichheim without any well intervention, except the 
installation and the replacement of DTS. 
Hence, it is possible to go further and investigate what value actions in the well at the reservoir formation would bring. A more 
advanced control of liquid rate, e.g. shut in of zones with high temperatures or reduction of the drawdown at high temperature 
zones using an inflow control device (ICD), could provide additional recovery when coupled with DTS. 
 
Nomenclature 
BHT – bottom hole temperature 
BSL – below see level, L, m 
CW – cold water 
DKM – distance kernel method 
DTS – distributed temperature sensing 
EOR – enhanced oil recovery 
HW – hot water 
ICD – inflow control device 
LGR – local grid refinement 
PDF – probability density function 
PVT – pressure, volume, temperature 
SI – steam injection 
SIA – sequential indicator algorithm 
SIS – sequential indicator simulator 
SOR – steam oil ratio 
tvdss – true vertical depth sub surface, L, m 
WCT – watercut 
WHT – wellhead temperature, T, °C 
 
c – velocity of light in vacuum (2.99792458x108 m/s), L/t, ms-1 
qi – liquid rate of the layer i, L
3
/t, m
3
/d 
Qliquid – liquid flow rate, L
3
/t, m
3
/d 
Qn
CW
 – liquid rate of the coldest well after the nth control, L3/t, m3/d 
Qn
HW
 – liquid rate of the hottest well after the nth control, L3/t, m3/d 
n – refraction index 
t – triggering value, % 
Ti – temperature of the layer i, T, °C 
Tlimit – limit temperature, T, °C 
Twh – wellhead temperature, T, °C 
v – velocity of light in a medium, L/t, ms-1 
 
Subcripts 
i – natural number 1,2,3…n 
liquid – liquid 
n – number of the control procedure 
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limit – limit 
wh – wellhead 
 
Supercripts 
CW – coldest well 
HW – hottest well 
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SI Metric Conversion Factors 
API 141.5/(131.5+API) = g/cm3 
atm 1.013 250* E + 05 = Pa 
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bar 1.0* E + 05 = Pa 
bbl 1.589 873 E 01 = m3 
Btu 1.055 056 E + 00 = kJ 
cp 1.0* E 03 = Pa·s 
ft 3.048* E 01 = m 
F (°F 32)/1.8 = C 
F (F + 459.67)/1.8 = K 
in. 2.54* E + 00 = cm 
psi 6.894 757 E + 00 = kPa 
*Conversion factor is exact. 
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Table A-8 - Milestones in wellbore temperature prediction 
  SPE Paper Year Title Authors Contribution 
96 1962 “Wellbore Heat Transmission” Ramey JR., H. J. First paper that described 
temperature transmission in 
production and injection wells for 
single-phase flow. 
19702 1991 “Predicting Temperature Profiles in a 
Flowing Well” 
Sagar, Rajiv, Doty, 
D.R., Schmidt, Zelimar 
Extension of the temperature 
profile prediction to wells with 
two-phase flow. 
109765 2007 “A Robust Steady-State Model for 
Flowing-Fluid Temperature in Complex 
Wells” 
Hasan , A.R., Kabir, 
C.S., and Wang, 
Xiaowei 
First paper that applied wellbore 
fluid temperature prediction in 
complex wells. 
 
 
 
  
Table A-9 - Milestones in inflow profile prediction based on temperature measurements 
  SPE Paper Year Title Authors Contribution 
AIME Vol. 198 pp 
202-212 
1953 “The Estimation of Water Injection Profiles 
from Temperature Surveys” 
Nowak, T. J. First paper that described the 
identification of quantitatively 
injection flow profiles inferred 
from temperature measurements. 
111790 2008 “Modeling Flow Profile using Distributed 
Temperature Sensor (DTS) System” 
Wang, X., Lee, J., 
Thigpen, B., Vachon, 
G., Poland, S., Norton, 
D. 
First model, which is able to 
calculate flow profiles from 
multiple production zones. The 
model is applicable for fluids with 
different fluid properties. 
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SPE 113918 (2008) 
Insurance Value of Intelligent Well Technology Against Reservoir Uncertainty 
Authors: Addiego-Guevara, Ernesto, Jackson, Matthew David, Giddins, Marie Ann. 
Contribution to the understanding of Distributed Temperature Sensing: 
The paper is not dealing with DTS but the rate control techniques are interesting examples since they could be 
implemented in combination with DTS. 
Objective of the paper: 
To investigate which of the free control strategies would give the maximum gain. 
Methodology used: 
Three control strategies were investigated: 
1. Fixed control device is used to control the rate. 
2. Well watercut and flow rate are measured based on which a device closes or opens the completions. 
3. Downhole multiphase flowmeters are used. Based on the measurement the drawdown is reduced at completions. 
Conclusion reached: 
The highest return on investment is achieved with the strategy 1, which also is able to insure against reservoir 
uncertainty. 
Comments: 
The paper is particularly interesting regarding the control strategies. The flow chart demonstrates the control 
strategies very good. 
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SPE 127937 (2010) 
Case History - Steam Injection Monitoring with Optical Fiber Distributed Temperature Sensing. 
Authors: Batocchio, Marcelo A. Pavanelli, Triques, Adriana L.C., Pereira Pinto, Hardy L.C., de Lima, Luis A.S., 
Souza, Carlos F.S., and Izetti, Ronaldo G. 
Contribution to the understanding of Distributed Temperature Sensing: (*) 
Laboratory tests are performed showing uncertainties in temperature acquisition with fiber optic DTS. 
Nice DTS installation example is shown, where the optical fiber cable in an injection well is attached to a sucker-
rod string and lowered into the tubing. 
Objective of the paper: 
The paper describes a DTS application in a steam-assisted heavy oil field to monitor the temperature along the well. 
Project aims were to proof the applicability of DTS in a steam injection well with temperatures at approximately 
300°C. 
In addition, the intention is to map the steam front, to be able to predict and prevent the steam breakthrough. 
Methodology used: 
Laboratory tests are performed to show measurement errors, repeatability, and reproducibility of the results and 
spatial resolution of DTS. 
A well completion solution shows installation example. 
Conclusion reached: 
The DTS system is able to provide temperature measurements in wellbore environments up to 300°C. 
Comments: 
The field installation example visualizes the installation of DTS. 
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SPE 79080 (2002) 
Optical Fiber Sensors in Upstream Oil & Gas. 
Authors: Brown, George A., and Hartog, Arthur. 
Contribution to the understanding of Distributed Temperature Sensing: 
Paper gives a short general introduction about optical fibers. 
Objective of the paper: 
To give an overview about optic fiber sensors used in the oil and gas industry. The paper covers pressure sensors, 
flow meters and distributed temperature sensors. 
Methodology used: 
Case studies from a producing well in the Wytch Farm oilfield and an injection well from a field in Oman are 
mentioned. 
Conclusion reached: 
1. Fiber-optic sensors are able to transmit high data rates, can be implemented in high temperature environments 
and are resistant to external electromagnetic radiation. 
2. DTS technology allows the measurement of temperature over the lifetime of the well. 
Comments: 
This paper mentions the drawbacks of DTS installation, where the analysis of DTS data is more complicated 
compared to conventional temperature measurements. 
The paper mentions the first commercial application of DTS in a Californian oilfield in 1995. 
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SPE 54599 (1999) 
Fiber Optic Temperature Monitoring Technology. 
Authors: Carnahan, B.D., Clanton, R.W., Koehler, K.D., Harkins, G.O. and Williams, G.R. 
Contribution to the understanding of Distributed Temperature Sensing: 
The paper gives an overview about the DTS technology and field examples visualize the installation of DTS and 
monitoring of data. 
Objective of the paper: 
The objective of the paper is to give an overview about the current technology of DTS. Furthermore three cases of 
DTS installations are presented. 
Methodology used: 
The paper shows three cases where DTS was installed and the experience gained is presented. 
1. Installation of DTS in rod pump well where the fiber optic is attached to the tubing. 
2. Installation of DTS in a temperature observation well where the fiber optic is permanently installed between the 
casing and the formation. 
3. Installation of DTS in a multilateral well where the fiber optic is attached to the tubing. 
Conclusion reached: 
1. DTS is reliable, accurate and cost effective to be installed in wells with temperatures up to 480°F. 
2. Fiber optics has the advantage that it does not interfere with electromagnetic waves, and can be installed in deep 
wells and are resistant to high temperatures. 
3. With DTS the operator is able to detect steam breakthrough one month before it occurs and temperature 
observation wells are not needed anymore. 
4. DTS gives a temperature profile along the entire length of the well without well intervention. 
5. Using DTS a fluid flow behind the casing was successfully detected. 
6. DTS could be used in the future to control the injection rate into each interval by looking on temperature profiles 
of the producers. 
Comments: 
The drawbacks of installing DTS in oil and gas wells are given. 
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SPE 77682 (2002) 
Fiber Optic Monitoring in Openhole Gravel Pack Completions. 
Authors: Corbett, Gary, Fagervik, Egil, Christie, Stewart, Smith, Bob, Falcon, Keith. 
Contribution to the understanding of Distributed Temperature Sensing: 
It is feasible to install DTS in open hole gravel pack completions. 
Objective of the paper: 
The paper presents the development and the implementation of DTS installation in an open hole gravel pack. 
The components used, to run the completion and the problems experienced are discussed. 
The installation techniques of DTS are mentioned but also the gaps. 
Methodology used: 
An installation in a test well using a rig was performed, to obtain possible difficulties which can occur during a 
DTS installation in an open hole gravel pack. 
Conclusion reached: 
The installation of DTS in an open hole gravel pack is feasible. 
Comments: 
The paper shows good trial example of DTS installation in a test well using a rig. 
Here the focus is on open hole gravel pack, which is a rather special completion and not used very often. 
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SPE 71829 (2001) 
Optic Sensing - Case of “Solutions Looking for Problems”. 
Authors: Eriksson, Klas 
Contribution to the understanding of Distributed Temperature Sensing: 
The paper presents fiber optic technology from the critical point of view, where the problems of fiber optic 
installation are showed. 
Objective of the paper: 
The objective of the paper is to present solutions regarding fiber optic installation in a subsea environment. 
The paper is supported with many pictures to illustrate the examples and gives a short overview about the state of 
the art in fiber optics. 
Methodology used: 
The paper presents the problems associated with fiber optic installation. Raman DTS and the Bragg sensing 
systems are shortly introduced. Finally several problems including the feed through in tubing hanger, optic 
attenuation and mechanical damage of fiber optics are presented. At the end of the paper some solutions regarding 
the previous problems are presented. 
Conclusion reached: 
The following solutions for attenuation problems are possible: 
1. The scanner could be located on buoy in subsea installations. 
2. The scanner could be installed directly subsea. 
3. Improve connectors. 
Comments: 
About 50% of the installed fiber optic sensors fail one year after installation. 
The reasons are forces due to tubing hanger landing and heave motion of the floating vessel. Perforation after DTS 
installation and the elongation due to well warming while start up provide additional forces to the fiber. 
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SPE 92962 (2005) 
Monitoring of Real-Time Temperature Profiles Across Multizone Reservoirs during Production and Shut in Periods using 
Permanent Fiber-Optic Distributed Temperature Systems. 
Authors: Fryer, V., ShuXing, D., Otsubo, Y., Brown, G., Guilfoyle, P. 
Contribution to the understanding of Distributed Temperature Sensing: 
The THERMA software from Schlumberger is able to show production flow profiles by using a thermal model and 
the temperatures obtained from DTS. 
Objective of the paper: 
The objective is to observe the production and the shut-in profiles in the well using DTS installed from beginning. 
The aim is to observe changes in production over time. 
Methodology used: 
A thermal model for the well and the near wellbore area was built. 
1. Near wellbore area is a function of: 
- reservoir pressure 
- well flowing pressure 
- formation permeability 
- reservoir extension 
- fluid properties 
2. Flow in the well is a function of: 
- completion 
- inlet pressure 
- outlet pressure 
- gravity 
- fluid properties 
A radial near wellbore thermal model is used. 
The method used in the paper is to generate the flow profiles with a thermal model and analysis software 
(THERMA from Schlumberger) and compare it with the flow profile derived from DTS data.  
Conclusion reached: 
Finally a good match between DTS and the model is obtained. With permanent DTS installation, changes in 
production over time can be monitored. Here the contribution from each zone can be identified and conclusions can 
be reached regarding the reservoir pressure. The installation of DTS makes the PLT logging unnecessary. Hence 
wells with smaller diameter can be drilled, resulting in drilling cost savings.  
Comments: 
The paper shows good example of DTS implementation in the field. This helps to better estimate the reserves in 
each zone. In addition, the reservoir can be characterized more precisely and a more realistic reservoir model can be 
build. 
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OTC 18140 (2006) 
Fiber-Optic Real-Time Distributed Temperature Sensing Provides Improved Management for Heavy-Oil 
Production Environments. 
Authors: Goiffon, J., and Gualtieri, D. 
Contribution to the understanding of Distributed Temperature Sensing: 
Good introduction of the topic, providing basics and advantages of DTS. The Paper describes good installation 
options and visualizes these. Two examples from the field are presented in the paper showing understandable 
practical implementations. 
Objective of the paper: 
The paper discusses benefits using DTS technology. 
DTS is introduced as a valuable tool in heavy oil steam flood projects, where the injection/production temperature 
profiles along the well can be evaluated. This allows the monitoring of the steam movement in the reservoir. 
Methodology used: 
To measure the temperature changes, the temperature in the wellbore has first to be manipulated by shut in the well 
to reach the geothermal gradient or by injection of cooler water into the annulus. 
Conclusion reached: 
1. DTS can be beneficial in steam flood projects, analyzing the production and/or the injection profile of the wells. 
2. Real-time temperature profiles can be measures over the entire well length. 
3. Good visualization can be reached using the right software. 
Comments: 
This paper does not mention the drawbacks and the costs of DTS installation. 
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IPTC 11700 (2007) 
Redevelopment of the Abandoned Dutch Onshore Schoonebeek Oilfield with Gravity Assisted Steam Flooding 
Authors: Jelgersma, Frank 
Contribution to the understanding of Distributed Temperature Sensing: 
The paper is not dealing with DTS.  
Objective of the paper: 
The objective of the paper is to present a redevelopment strategy for the Schoonebeek oilfield in the Netherlands. 
Methodology used: 
The Schoonebeek oil field produced from 1943-1996 and is planned for redevelopment using Gravity Assisted 
Steam Flooding (GASF). This technique is using horizontal producers and horizontal steam injectors which are 
500 m long and are located 150 m from each other. 
Conclusion reached: 
The redevelopment of the Schoonebeek oilfield is a feasible option. The following factors are 
1. The oilfield still contains high volumes of oil. 
2. High oil price makes the redevelopment financial attractive. 
3. Improved drilling and completion technology for horizontal wells. 
4. Long stroke rod pumps are able to produce at high rates and at high temperatures. 
5. Combined Heat and Power makes the project more energy efficient and environmental friendly. 
6. Water can be disposed in nearby gas field. 
7. Refinery is available which can segregate the medium heavy oil. 
Comments: 
Useful paper regarding the steam flood operations in the Schoonebeek oilfield, since together with the Emlichheim 
oilfield in Germany they form the same reservoir.  
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SPE 87631 (2004) 
Identification of Steam-Breakthrough Intervals with DTS Technology. 
Authors: Johnson, D. O., Sugianto, R., Mock, P.H., Jones, C.H. 
Contribution to the understanding of Distributed Temperature Sensing: 
DTS can effectively be used to detect steam breakthrough from certain layers. 
DTS can be applied with low costs. 
Objective of the paper: 
The paper shows the value of DTS application on two steamflood oil fields to effectively detect steam 
breakthrough. 
Methodology used: 
To detect the steam breakthrough in each well, the well was firstly cooled down by injecting water in the annulus. 
Finally the temperature was measured with DTS to observe abnormal high temperatures in the well at certain 
depths, which were interpreted as steam breakthrough intervals.  
Conclusion reached: 
DTS technology brings value by locating steam breakthrough points. Hence, the operator can react quickly and 
remediate the well, to avoid steam production. 
In addition, DTS is cost effective compared to other steam breakthrough identification techniques. 
Comments: 
The paper shows good example of DTS implementation in the field. 
The paper mentions retrievable DTS installations, but does not point out the mechanical damage which can be 
occurred during the pumping process of the fiber glass. 
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SPE 103097 (2006) 
Successful Flow Profiling of Gas Wells using Distributed Temperature Sensing Data. 
Authors: Johnson, David Oliver, Sierra, J., Kaura, J., Gaultiere, D. 
Contribution to the understanding of Distributed Temperature Sensing: 
Gas entry points can be identified in gas wells very clearly. When gas flows from higher pressure to lower pressure 
it expands and cools down. This phenomenon is called Joule-Thomson effect. In gas wells, the gas flows from the 
higher reservoir pressure to the lower well flowing pressure, resulting in gas flow cooling. This change in 
temperature can be detected with DTS and a flow profile can be derived. 
When water is entering the wellbore, the process is reverse and the water is heating up. This can be used to identify 
water entry points in a gas well. 
Objective of the paper: 
The paper compares the flow profiles derived from DTS with the flow profiles derived from PLT. 
The paper presents the advantages DTS can offer in multilayered gas-reservoir. 
Methodology used: 
The paper presents a technique where a temperature-pressure simulator is used to predict the flow profile from the 
wellbore. 
To simulate this, the following input is needed: 
1. Static input: geothermal temperature profile, well deviation, completion equipment, perforation depths and layer, 
reservoir, rock and fluid properties. 
2. Dynamic input: surface rates, wellhead pressure, downhole pressure and temperature data acquired with DTS. 
The method used in the paper is to simulate the flow profile with software (iFlow
TM
 from Halliburton) and compare 
it with the flow profile derived from DTS data. Some values in the simulator were changed (trial and error process) 
until the flow profile curves match together. 
Finally the flow profile obtained using DTS data is compared with the flow profile obtained using conventional 
PLT. 
Conclusion reached: 
Finally a good match between DTS and simulator is obtained. 
Good match between DTS and PLT is obtained at the deepest producing layers. 
DTS brings value in a gas well by identifying water breakthrough intervals 
Comments: 
The paper refers only to the usage of DTS in gas wells. 
What would be the value of DTS in oil wells is not mentioned at all. 
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SPE 71529 (2001) 
The Optic Oil Field: Deployment and Application of Permanent In-Well Fiber Optic Sensing Systems for Production and 
Reservoir Monitoring 
Authors: Kragas, Tor K., Brock A. Williams, Gregory A. Myers 
Contribution to the understanding of Distributed Temperature Sensing: (*) 
Not much, because the paper describes primary Bragg grating-based fiber optics. 
The installation examples are interesting and might be similar to DTS installation. 
Objective of the paper: 
The paper describes optic fiber in general but the emphasis is on Bragg grating fiber optics.  
The paper shows installation examples of fiber optics monitoring systems. 
The components used to run the fiber optics into the well are discussed. 
Methodology used: 
Four installation examples are presented to show the value of Bragg grating fiber optics: 
1. FOMW installation in the Sleen field operated by Shell in the Netherlands. (Pressure and temperature) 
2. Bragg grating fiber optics in the Kern River field in California. (Pressure and temperature) 
3. Bragg grating fiber optics in a field in Gulf of Mexico operated by BP. (Pressure and temperature) 
4. Bragg grating fiber optics in a field in Gulf of Mexico operated by Shell. (Pressure, temperature, flow rate and 
water fraction) 
Conclusion reached: 
The permanent well measurements with Bragg fiber optic including pressure, temperature and flow rate are reliable 
and flexible enough for installation in wells. The advantages are the operation at high temperatures and that the 
fiber optics does not contain electronics. 
In addition, developments of Bragg fiber optics exist to measure fluid fraction, seismic response, acoustics, strain 
and displacement. 
Comments: 
The paper shows good examples of Bragg fiber optics installations. 
There are enormous future opportunities to gather different downhole data by using Bragg fiber optics. 
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SPE 77710 (2002) 
Installation of In-Well Fiber-Optic Monitoring Systems 
Authors: Kragas, Tor K., Pruett, Eddie, Williams, Brock 
Contribution to the understanding of Distributed Temperature Sensing: 
The difficulties during DTS installation, e.g. by passing packers and valves can be resolved by early planning phase 
of the project. 
Paper shows installation examples of fiber optic monitoring systems. 
Objective of the paper: 
The paper shows different stages of fiber optic system installations. 
Lessons learned during the installations are presented in the paper. 
Methodology used: 
Presentation of fiber optic system installations: 
1. Pre-project information 
2. Project design 
3. Supplier/Vendor coordination 
4. System integration and testing 
5. Packaging and shipping/transport 
6. Well site operations and installation 
7. Review at the end of the project  
Conclusion reached: 
The advances of fiber optic system installation make them  
The installation can be done in different extreme environments (onshore, offshore, jungle, desert), wellbore 
trajectories (length, deviation) and reservoir properties (HPHT). 
Although the installation is similar to conventional downhole systems, there are some important differences. 
Comments: 
The paper shows good example of DTS installations in different oil fields around the world. 
The paper does not describe the severe mechanical damages which can happen during the installation and making 
the optic fiber useless. 
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SPE 69707 (2001) 
Enhancing Steamflood Effectiveness by Horizontal Producers 
Authors: Leonhardt, Bernd 
Contribution to the understanding of Distributed Temperature Sensing: (*) 
The paper is not dealing with DTS.  
Objective of the paper: 
The objective of the paper is to give an overview about the Emlichheim oil field and the production history. The 
paper compares the performance of horizontal producers with the performance of the vertical producers in the 
steam flood project in Emlichheim. 
Methodology used: 
Four different steam flood projects in the field are compared with each other. The projects distinguish from each 
other in terms of steam injection rates, distances between producer and injector and whether the producer is a 
vertical or horizontal well. 
Conclusion reached: 
1. The optimum well spacing has great influence on the steam flood effectiveness. 
2. It is not necessary required to drill infill wells to get better performance. 
3. However proper position of infill wells will be paid out. 
4. Horizontal wells show better performance compared to vertical wells. 
Comments: 
The paper gives a very good overview about the Emlichheim oilfield. The study using horizontal wells shows the 
potential future development options of the field. 
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SPE 97912 (2007) 
Fiber-Optic Distributed Temperature Sensing Technology used for Reservoir Monitoring in an Indonesia Steam 
Flood. 
Authors: Nath, D. K., Sugianto, R., and Finley, D.. 
Contribution to the understanding of Distributed Temperature Sensing: 
Good explanation for the applicability of DTS. Good examples based on real field data. 
Objective of the paper: 
Paper presents case histories from an Indonesian steam flood project. 
Methodology used: 
Paper introduces DTS and visualizes its use with examples. 
Conclusion reached: 
1. DTS is applicable to measure real-time temperature profiles. 
2. DTS is applicable in observation wells. 
3. DTS is able to identify temperature anomalies, providing valuable information for steam breakthrough 
management. 
Comments: 
This paper does not mention the drawbacks and the costs of DTS installation. 
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SPE 93240 (2005) 
Fiber Optic used to Support Reservoir Temperature Surveillance in Duri Steamfood 
Authors: Nath, Dhirendra Kumar 
Contribution to the understanding of Distributed Temperature Sensing: 
The technology of DTS is well explained. Application in the field shows the value of DTS and gives an 
understanding of temperature log interpretation. 
Objective of the paper: 
The objective of the paper is to present the implementation of DTS in the Duri Steam Flood (DSF) project in 
Indonesia. The paper introduces to DTS technology and DTS installation in the field. Examples from the DST are 
given to show the gain of information by using DTS technology. 
Methodology used: 
The paper first introduces the basics of DTS and finally practical examples from the field are used to demonstrate 
the value of DTS. It is shown how DTS can improve steam management where steam breakthrough, unsuccessful 
cement squeeze job, abnormal temperature at shallow intervals and high temperature zones above the injection 
interval were identified in the DST project. 
Conclusion reached: 
1. DTS is able to measure temperature along the entire length of the well. Applications in the field show that steam 
breakthrough intervals in the producers can be detected. 
2. In observation wells DTS can detect cool zones which where not displaced by the steam and where oil is left 
behind. 
3. With DTS technology it is possible to identify even small temperature changes over time. Combined with other 
logging data made in the field, it is possible to get valuable information from the field and improve therefore steam 
management. 
Comments: 
The technical details about DTS are good explained in the paper. The examples presented in the paper give an 
understanding of DTS interpretation. 
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AIME Vol. 198 pp 202-212 (1953) 
The Estimation of Water Injection Profiles from Temperature Surveys. 
Authors: Nowak, T. J. 
Contribution to the understanding of Distributed Temperature Sensing: 
The paper is not dealing with DTS because in 1953 DTS technology was not the subject for oil and gas operations. 
But the paper contributes significantly to the understanding of how injection intervals can be analysed 
quantitatively using temperature logging.  
Objective of the paper: 
The paper presents a technique to infer from temperature logs to injection profiles in water injection wells. Firstly, 
the paper covers the theory of temperature log interpretation and finally it presents field examples. 
Methodology used: 
1. Theory of temperature log interpretation 
The meaning of geothermal gradient is outlined. 
Idealized theoretical temperature log is interpreted. Here, the injection well must be shut-in to identify the thickness 
where the water is entering into the formation. 
Heat flow analysis above the injection interval and in the injection interval is presented. Here the author assumes 
that the heat removal from the formations as a result of water injection is constant. During the shut-in periods the 
temperature build-up is calculated using the source and sink solution. 
2. Field example 
Field data from Californian oil fields is used to demonstrate the measurement and the interpretation of temperature 
logs. 
Conclusion reached: 
The temperature log is a valuable tool to estimate the flow profiles in an injection well. By combining an injection 
and a shut-in temperature log the thickness of the injection interval and the relative water intake can be obtained. 
Comments: 
The paper contributes to the understanding of flow profiling in water injection wells. The interpretation techniques 
used in the paper can theoretically be applied for steam injection wells in which DTS equipment is installed. 
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SPE 90541 (2004) 
Flow Profiling via Distributed Temperature Sensor (DTS) System - Expectation and Reality. 
Authors: Ouyang, Liang-Biao & Belanger, Dave. 
Contribution to the understanding of Distributed Temperature Sensing: 
Paper shows difficulties in prediction of flow profiles using DTS. 
Objective of the paper: 
The paper demonstrates the dependence of wellbore temperature upon fluid phases, flow profile, fluid type, fluid 
properties, well deviation and Joule-Thomson effect. In addition, the impact of noise in the DTS measurement on 
flow profiling has been explored. 
Methodology used: 
A thermal model is used for the single-phase-fluid flow and the multiphase-fluid flow along a vertical, deviated or 
horizontal well, which can be applied for both: 
1. Wellbore temperature prediction (forward modelling) 
2. Flow profiling based on temperature measurements (inverse problem) 
A computer program TIPP (Temperature for Injection and Production Profiling) was used to implement the thermal 
multiphase wellbore flow model. 
Conclusion reached: 
1. The thermal model was successfully applied for wellbore temperature prediction (forward modelling). The 
application included sensitivity studies with well deviation, Joule-Thomson effect, fluid phases and flow profile.  
2. The thermal model was also applied for production or injection profiles (inverse modelling) prediction. 
3. Along horizontal or near-horizontal sections the temperature does not change much because of minor variations 
in geothermal temperature. Hence, the point of each fluid entry is difficult to find. Steady-state DTS measurement 
is therefore useful to a maximum wellbore deviation of 75°. 
4. Production and injection profiles with DTS can be predicted accurate enough only in single-phase flow. 
Comments: 
Two-phase or multiphase flow can make the prediction of flow profiles difficult. Here a nonunique match with 
several flow profiles can be generated. 
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SPE 96 (1962) 
Wellbore Heat Transmission. 
Authors: Ramey JR., H. J. 
Contribution to the understanding of Distributed Temperature Sensing: 
The paper is not dealing with DTS because in 1962 DTS technology was not the subject for oil and gas operations. 
But the paper contributes significantly to the understanding how the temperature transmits in production and 
injection wells. 
Objective of the paper: 
The objective of the paper is to present wellbore heat transmission which might be useful in production and 
injection operations. 
Methodology used: 
The solution of the wellbore heat transmission is derived for liquid case and gas case with various assumptions. 
Results from computer study and results obtained from the field are compared to show the consistency of the 
solution. 
Conclusion reached: 
1. For the transient heat movement of fluids in the wellbore an approximate solution is developed. The temperature 
in the wellbore can be estimated as a function of time and depth. 
2. Thermal resistances are considered in the solution. 
3. Good match with the computed and the measured temperatures in the wellbores was obtained. 
Comments: 
Good visualization of the propagation of heat in and around the wellbore. 
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SPE 54104 (1999) 
Monitoring Steamflood Performance through Fiber Optic Temperature Sensing 
Authors: Saputelli, Luigi, Mendoza, Humberto, Finol, Jose, Rojas, Luis, Lopez, Elias, Bravo, Heriberto, Buitriago, Saul 
Contribution to the understanding of Distributed Temperature Sensing: 
DTS was successfully installed in one pair of SAGD (steam assisted gravity drainage) horizontal wells in 
Venezuela. 
Objective of the paper: 
The objective of the paper is to discuss that with the right heat management the recovery in the reservoir can be 
increased. Furthermore the paper shows successful DTS installation in a SAGD pair of wells. 
Methodology used: 
Firstly, different aspects of reservoir management are discussed where data collection through the beginning of the 
project are proposed to continuously update the reservoir model. 
Field experience from a SAGD project are reported 
Conclusion reached: 
1. The application of intelligent technologies can help to detect zones swept by the displacing fluid. 
2. DTS was successfully installed in one pair of SAGD horizontal wells in Venezuela. 
3. DTS technology allows detecting layers which are swept by steam resulting in an improved reservoir 
management with increased reserves and project life. 
4. DTS is beneficial for steamflood monitoring. 
Comments: 
Nothing is said about the difficulties during the installation of DTS in a pair of horizontal wells. No results from the 
DTS measurements were presented which would detect injection or production intervals in the reservoir. 
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SPE 118740 (2008) 
Uncertainty Quantification in Reservoir Performance using Distances and Kernel Methods-Application to a West Africa 
Deepwater Turbidite Reservoir. 
Authors: Scheidt, Celine, Caers, Jef 
Contribution to the understanding of Distributed Temperature Sensing: 
The paper is not dealing with DTS.  
Objective of the paper: 
The objective of the paper is to present a method, where a certain number of reservoir models are selected, which 
represent the same uncertainty as the full number of realizations. 
A case study of a turbidite reservoir offshore west coast Africa is presented. 
Methodology used: 
1. Multiple reservoir models are generated. 
2. These models are placed into a dissimilarity distance matrix. The matrix shows the similarities between two 
models. 
3. By using multidimensional scaling (MDS), the full set of realizations is plotted into a Euclidean space. Each 
model is depicted as a point, where the distance between the points represents the dissimilarity of the reservoir 
model realizations. 
4. The Euclidean space is transformed using kernel methods into a linear feature space. 
5. By applying principal component analysis (PCA) a certain number of models with different flow behaviours are 
selected, which represent the whole set of models.  
6. The kernel k-means (KKM) is applied to align the points regarding to the distance between them.  Finally the 
points which cover the full set of simulation are selected for further simulation. 
Conclusion reached: 
The distance kernel method (DKM) is a valuable tool to perform uncertainty analysis on a high number of models 
and finally select a small number of models for further simulations. The previously generated realizations have all 
different flow behaviours. However, many of them are similar and can be grouped together. This means a smaller 
number of models is selected. This procedure saves computation time needed to perform the simulation on all 
models. Instead of the latter, the simulation is performed on a small number of models representing the same 
uncertainty as the full set of models. 
Comments: 
The DKM is a valuable and fast procedure to reduce the number of possible models, but still representing the 
uncertainties of the model. 
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SPE 4636 (1973) 
The Importance of Joule-Thomson Heating (Or Cooling) in Temperature Log Interpretation. 
Authors: Steffensen, Roger J., and Smith, Robert C. 
Contribution to the understanding of Distributed Temperature Sensing: (*) 
The paper is not dealing with DTS because in 1973 DTS technology was not the subject for oil and gas operations. 
But the paper contributes significantly to the understanding of the Joule-Thomson Effect (JTE) on temperature 
profiles in the wellbore. 
Objective of the paper: 
The paper presents the theoretical analysis of JTE and introduces the modelling on computers. In additional, 
examples from several wells are given to look on the temperature logs and examine these. 
Finally both quantitative and qualitative log interpretation is subject of discussion. 
Methodology used: 
The JTE is defined mathematically, where the Joule-Thomson coefficient is presented. 
The temperature distribution around the well is compared with the pressure distribution. That means, temperature 
changes after shut-in are similar to pressure changes after shut-in. 
Conclusion reached: 
1. JTE leads to gas cooling or water heating if these were subjected to pressure drawdown. 
2. JTE can have influence on wellbore temperature after injector shut-in. 
3. If the temperature of the injected fluid is close to the formation temperature then it is possible to identify 
qualitatively the injected interval due to JTE. 
4. With JTE it is possible to identify injection rate/permeability and not the injection rate only. 
5. There is no relationship between the injection profiles and the areas on temperature curves. 
Comments: 
The paper presents valuable information on temperature changes due to JTE after the well is shut-in. This 
information is valuable for temperature log interpretation or for the interpretation of DTS measurements. 
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SPE 120805 (2008) 
Distributed Temperature Sensor (DTS) System Modeling and Application. 
Authors: Wang, X., Lee, J. & Vachon, G. 
Contribution to the understanding of Distributed Temperature Sensing: 
The paper demonstrates nonunique match, when flow profile has to be generated based on a temperature profile. 
Determination of flow profile in multiphase flow is very difficult. 
Objective of the paper: 
The paper presents software tools, where the aim is to test the model based on steady-state energy balance. 
Methodology used: 
A model for the production string is used based on steady-state energy balance equation. 
1. Energy equation for tubing fluid without gas lift 
2. Energy equation for tubing fluid with gas lift 
A computer program TIPP (Temperature for Injection and Production Profiling) is used in model applications. 
Conclusion reached: 
1. For multiphase flow, if a temperature profile measured with DTS is known, the match is not unique, when a flow 
profile is generated. Hence the energy balance equation provides reasonable results only for single phase flow.  
2. Run a match for the entire wellbore temperature profile, when a flow profile is generated. 
3. DTS can be used to detect the gas injection entry point during gas lift operations. 
Comments: 
The difficulties of analysing data from DTS and convert them into flow profiles are presented very well. 
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SPE 120805 (2008) 
Modeling Flow Profile using Distributed Temperature Sensor (DTS) System 
Authors: Wang, X., Lee, J., Thigpen, B., Vachon, G., Poland, S., Norton, D. 
Contribution to the understanding of Distributed Temperature Sensing: (*) 
Basic theory of DTS is described very well. 
The limitations of DTS are shown very well. 
Objective of the paper: 
The paper presents a new model for flow profiling using DTS. 
The model is able to calculate flow profiles from multiple production zones, even when the fluids have different 
properties. 
Methodology used: 
Forward simulation is performed to calculate the temperature in the wellbore for a given inflow profile. 
Flow profiling is performed to calculate the inflow profile based on temperature measurements obtained with DTS. 
Conclusion reached: 
DTS is a valuable tool to identify inflow profiles in a well. 
Comments: 
The complexity of analysing data from DTS and convert them into flow profiles are presented very well. 
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Appendix B 
 
DTS Technology 
A DTS optical fiber sensor for oil and gas installations consists of an optical fiber in a core embedded in a 
cladding and protected by a coating (Goiffon et al, 2006). Figure A-17 shows a schematic drawing. The 
core diameter of 50 μm corresponds approximately with the core diameter of the human hair (Smolen et 
al, 2003; Nath, 2005; Nath et al, 2005). The cladding has a lower refractive index than the core and 
allows the light propagation within the core (Smolen et al, 2003). The coating protects the fiber against 
high temperatures, abrasive chemicals, liquids and mechanical damage. Especially the ingress of 
hydrogen rich liquids causes darkening of the optical fiber and makes it inoperable (Brown et al, 2002).  
 
Coating
Cladding ⌀~125μm
Optical Fiber Sensor
Core ⌀~50μm
 
Figure A-17 – Schematic DTS optical fiber sensor with cladding and coating 
 
At the surface, a light pulse with a wavelength of λ=800-1600 nm is sent down the sensor (Smolen et al, 
2003). While propagating along the fiber, the light collides at the atomic scale with the fiber lattice 
structure. Some light is absorbed, but a certain amount is scattered back due to the excitation of the atoms 
(López-Higuera , 2002; Brown et al, 2002; Nath et al, 2005; Goiffon et al, 2006; Ouyang et al, 2004; 
Wang et al, 2008; Carnahan et al, 1999). The backscattered light travels back to the surface and is 
captured by a detector (see Figure A-18). 
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Figure A-18 - Scattering of light 
 
The wavelength of the backscattered light changes compared to the incident light and covers now several 
wavelengths with different intensities. Figure A-19 shows the entire spectrum. This spectrum includes the 
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so called Rayleigh Band, Brillouin Band and Raman Band. The intensity of the Raman Stokes Band is 
temperature-insensitive compared to the Raman Anti-Stokes Band intensity, which is 
temperature-dependant (Carnahan et al, 1999; Udd, 2006; Nath, 2005). The ratio between the intensity of 
the Raman Anti-Stokes Band and the Raman Stokes Band allows to determine the temperature of each 
point in the fiber at which the pulse was backscattered (Soto et al, 2007). 
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Figure A-19 - Wavelength and intensity of the backscattered light 
 
The transmission period of the light pulse is approximately Δtpulse=10 ns. When a fiber is installed into the 
well, the light pulse is sent down at the wellhead and travels along the optical fiber (Smolen et al, 2003). 
The velocity of light is constant although slowed down in the fiber. The refractive index n is defined as: 
vcn /    (1) 
whereby, c is the velocity of light in a vacuum (2.99792458x10
8
 m/s) and v the velocity of light in a 
medium in m/s. A typical n value for a fiber is approximately n=1.5. Hence, the velocity of light in a fiber 
is approximately 200,000,000 m/s (Smolen et al, 2003). Knowing Δtpulse and v, the length of the light 
pulse results in approximately 2 m. The Δtpulse is therefore the minimum time after which the detector is 
able to capture the backscattered light while the light source has finished sending it. Traveling the 
distance to the backscattered point and back again results in a spatial resolution of 1 m. The positions of 
the backscattered points along the fiber are derived from the time since the speed of light is known 
(Carnahan et al, 1999; Nath, 2005). A DTS fiber optic is therefore both the lead for the light and the 
sensor. 
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Appendix C 
 
Model Development 
The aim of the study is to build a conceptual reservoir sector model and to perform multiple realizations 
based on the heterogeneity factors of cemented calcite layers and kv/kh ratio. 
For the Emlichheim reservoir simulation a sector model was build in GOCAD
®
 from scratch, using the 
geometry and the properties of the reservoir. A dip of the reservoir from the North to the South of 9% was 
implemented. 
Prior to local grid refinement (LGR) the model is in the X direction with 29 cells each 10 m, 290 m long 
and in the Y direction with 30 cells each 10 m, 300 m long, see Figure A-20. 
 
 
Figure A-20 - Grid structure of the model from the top 
 
Due to the dip of the reservoir, four producers were placed at the shallower northern part of the reservoir 
and one injector at the deeper southern part of the reservoir. 
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LGR at producers and injector was implemented to all grids in X and Y direction. Cartesian LGR was 
used to divide a grid block with a well into 5 by 5 equal grid blocks. After LGR the dimensions of the 
grids surrounding a well are 2m x 2m. 
 
Figure A-21 – Position of four producers (P1, P2, P3, P4) and one injector (I1) 
 
In Z direction the Valanginian reservoir formation is represented by 30 layers each 1 m thick, resulting in 
a total thickness of 30 m. The overburden consists of 10 layers with a total thickness of 58.1 m. The 
underburden consists of 10 layers with a total thickness of 81.4 m. The layer thickness, permeability and 
porosity are shown in Table A-10. 
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Table A-10 - Rock properties of the conceptual reservoir sector model 
Formation Number Layer DZ [m] Permeability X [mD] Permeability Y [mD] Permeability Z [mD] Porosity [%] 
Overburden 1 10.6 0 0 0 5 
 2 9.5 0 0 0 5 
 3 8.4 0 0 0 5 
 4 7.4 0 0 0 5 
 5 6.3 0 0 0 5 
 6 5.3 0 0 0 5 
 7 4.2 0 0 0 5 
 8 3.2 0 0 0 5 
 9 2.1 0 0 0 5 
 10 1.1 0 0 0 5 
Reservoir 11 1 15000 PermX 0.5*PermX 33 
 12 6 1500 PermX 0.5*PermX 30 
 13 2 4500 PermX 0.5*PermX 31 
 14 4 1200 PermX 0.5*PermX 29 
 15 4 1200 PermX 0.5*PermX 29 
 16 4 1350 PermX 0.5*PermX 29 
 17 9 150 PermX 0.5*PermX 27 
Underburden 18 1.5 0 0 0 5 
 19 3.0 0 0 0 5 
 20 4.4 0 0 0 5 
 21 5.9 0 0 0 5 
 22 7.4 0 0 0 5 
 23 8.9 0 0 0 5 
 24 10.4 0 0 0 5 
 25 11.8 0 0 0 5 
 26 13.3 0 0 0 5 
 27 14.8 0 0 0 5 
 
Calcite Layers 
The Valanginian reservoir formation contains cemented calcite layers which form flow barriers and have 
therefore effect on the flow behaviour. 
In 2003 a study was carried out to determine the areal distribution of the cemented calcite layers. The 
location and the thickness of the cemented calcite layers were deduced from the rate of penetration, core 
plugs and wireline logging. There are three main regions with calcite layers, see Figure A-22. The 
thickness of the cemented layers ranges from 1 m to 2 m. The Valanginian sandstone consists of several 
coarsening upward sequences where usually on top of each sequence cemented carbonate layers appear 
(Wixforth, 2003). 
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Figure A-22 - Slice of the reservoir model shows the calcite layers in grey 
 
The model results of the study were imported into PETREL
®
 to derive the percentage distribution of the 
cemented calcite layers throughout the reservoir to allow the insertion of the calcite layers into the sector 
model. From the variogram approximate 35% calcite bodies were observed in the relevant layers. For the 
multiple realizations of the sector model, a normal distribution of the calcite bodies with a mean of 35% 
was implemented with a standard deviation of 2%. In order to generate the connected calcite bodies a 
sequential indicator simulator (SIS) was used. Variogram length was set constant to 327x257x1m 
(azimuth 90°) derived from the variogram analysis of the Emlichheim reservoir model and a nugget of 0.4 
was used. 
kv/kh ratio 
The kv/kh ratio is also subject to uncertainty and is in the reservoir 0.5. Here a uniform distribution 
ranging from 0.3 to 0.7 was taken. 
 
Multiple realizations 
Multiple realizations of the sector model were performed using an uncertainty workflow based on the two 
uncertainty parameters: the amount of the cemented calcite layers and the kv/kh ratio. The aim was to 
generate models with different distributions of the two uncertainty parameters. To investigate the 
dynamics of the models FRONTSIM
®
 was used to generate 140 models. 
Figure A-23 shows the cumulative oil production vs. time for all 140 realizations. An overlapping of the 
realizations can be seen. 
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Figure A-23 - Cumulative Oil Production vs. time for 140 realizations 
 
Distance Kernel Method (DKM) 
Although all 140 models show different properties in terms of flow behaviour, many of them are similar 
and are not needed to describe the uncertainty of the model. 
A method developed in Stanford uses so called distance kernel method (DKM) to select from a bunch of 
models a smaller amount of models (Scheidt et al, 2009). The aim of this method is to select fewer 
realizations which represent the same range of uncertainty as the full number of realizations (Scheidt et al, 
2009). The DKM method is a valuable tool to perform uncertainty analysis on a high number of models 
and finally select a small number of models for further simulations (Scheidt et al, 2009). 
The methodology of DKM is as follows: 
1. Multiple reservoir models are generated 
2. These models are placed into a dissimilarity distance matrix. The distance between the models 
shows their dissimilarity regarding a certain response of interest, here the cumulative oil 
production and cumulative water production (Scheidt et al, 2009). 
3. By using multidimensional scaling (MDS), the full set of realizations is plotted into a Euclidean 
space R. Each model is depicted as a point, where the distance between the points represents the 
dissimilarity of the reservoir model realizations (Scheidt et al, 2009). 
4. By applying kernel k-means (KKM) a certain number of clusters out of the full set of points are 
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selected. A cluster contains several points where points close to each other are designated as part 
of the same cluster. These points have therefore similar properties in terms of flow behaviour. 
Finally, from each cluster a point is selected (Scheidt et al, 2009). 
A P10, P50 and P90 analysis based on the cumulative oil production can be carried out to do 
quality control and therefore to compare the selected models with the whole set of models and 
to ascertain whether the selected points cover the full uncertainty of simulation 
(Scheidt et al, 2009). 
 
To perform DKM in PETREL
®
 a plug-in called METREL was developed in Stanford. In this study the 
responses of interest for the selection of the models were the oil production cumulative and the water 
production cumulative, see Figure A-24. 
 
 
Figure A-24 - Selection of the response of interest 
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From the generated 140 realizations, 10 clusters were selected for further study, see Figure A-25. 
 
 
Figure A-25 - Kernel k-means clustering 
 
Figure A-26 shows all 140 realizations in a multidimensional space. The 10 selected models are shown in 
bigger blue points. 
 
 
Figure A-26 - Simulated cases in multidimensional space 
 
The following cases were selected from the 140 cases: CASE_7, CASE_52, CASE_66, CASE_68, 
CASE_73, CASE_93, CASE_94, CASE_105, CASE_123 and CASE_132. The cumulative oil 
productions from the 10 selected models are shown in Figure A-27. 
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Figure A-27 - Cumulative Oil Production vs. time for 10 selected cases 
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Figure A-28 - 140 cases with 10 selected cases in red and the rest in turquoise 
 
Figure A-28 shows all 140 simulated cases, where the ten selected cases are in red and the rest in 
turquoise. 
To perform quality control of this method, a quantitative uncertainty analysis based on the cumulative oil 
production with P10, P50 and P90 quantiles of the 140 models and the 10 selected models was performed, 
Figure A-29. A good correlation of the quantiles can be observed thus showing the DKM method as a 
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valuable tool to perform uncertainty analysis on a high number of models and finally select a small 
number of models for further simulations (Scheidt et al, 2009). 
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Figure A-29 - P10, P50 and P90 values for 140 cases and 10 selected cases 
 
Selection of Cases 
In order to perform the simulation study on the selected models, it is important to know whether the 
production wells show temperatures high enough to perform temperature control. Hence, all 10 selected 
models were simulated with three different histories consisting of cold water injection and 160°C hot 
water injection. After this, 300°C steam was injected into the reservoir. No interventions were done in 
order to see the temperature response at the producers. To see the possible potential of each producer, the 
well watercut (WWCT) and the well oil production total (WOPT) or cumulative oil production were also 
considered. 
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Figure A-30 to A-23 show the 10 models simulated for 25 years CW injection, 15 years HW injection and 
20 years steam injection (SI) without intervention. 
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Figure A-30 - Case 7 (25 years CW, 15 years HW, 20 years SI) 
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Figure A-31 - Case 52 (25 years CW, 15 years HW, 20 years SI) 
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Figure A-32 - Case 66 (25 years CW, 15 years HW, 20 years SI) 
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Figure A-33 - Case 68 (25 years CW, 15 years HW, 20 years SI) 
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Figure A-34 - Case 73 (25 years CW, 15 years HW, 20 years SI) 
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Figure A-35 - Case 93 (25 years CW, 15 years HW, 20 years SI) 
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Figure A-36 - Case 94 (25 years CW, 15 years HW, 20 years SI) 
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Figure A-37 - Case 105 (25 years CW, 15 years HW, 20 years SI) 
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Figure A-38 - Case 123 (25 years CW, 15 years HW, 20 years SI) 
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Figure A-39 - Case 132 (25 years CW, 15 years HW, 20 years SI) 
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Figure A-40 to A-33 show the 10 models simulated for 20 years CW injection, 20 years HW injection and 
20 years SI without intervention. 
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Figure A-40 - Case 7 (20 yrs CW, 20 yrs HW, 20 years SI) 
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Figure A-41 - Case 52 (20 yrs CW, 20 yrs HW, 20 years SI) 
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Figure A-42 - Case 66 (20 yrs CW, 20 yrs HW, 20 years SI) 
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Figure A-43 - Case 68 (20 yrs CW, 20 yrs HW, 20 years SI) 
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Figure A-44 - Case 73 (20 yrs CW, 20 yrs HW, 20 years SI) 
 
P1
P2
P3
P4
0,80
0,85
0,90
0,95
1,00
0 5 10 15 20 25
ΔT
W
C
T
 
Figure A-45 - Case 93 (20 yrs CW, 20 yrs HW, 20 years SI) 
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Figure A-46 - Case 94 (20 yrs CW, 20 yrs HW, 20 years SI) 
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Figure A-47 - Case 105 (20 yrs CW, 20 yrs HW, 20 years SI) 
 
P1
P2
P3
P4
0,80
0,85
0,90
0,95
1,00
0 5 10 15 20 25 30
ΔT
W
C
T
 
Figure A-48 - Case 123 (20 yrs CW, 20 yrs HW, 20 years SI) 
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Figure A-49 - Case 132 (20 yrs CW, 20 yrs HW, 20 years SI) 
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Figure A-50 to A-43 show the 10 models simulated for 15 years CW injection, 25 years HW injection and 
20 years SI without intervention. 
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Figure A-50 - Case 7 (15 yrs CW, 20 yrs HW, 20 years SI) 
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Figure A-51 - Case 52 (15 yrs CW, 20 yrs HW, 20 years SI) 
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Figure A-52 - Case 7 (15 yrs CW, 20 yrs HW, 20 years SI) 
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Figure A-53 - Case 52 (15 yrs CW, 20 yrs HW, 20 years SI) 
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Figure A-54 - Case 73 (15 yrs CW, 20 yrs HW, 20 years SI) 
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Figure A-55 - Case 93 (15 yrs CW, 20 yrs HW, 20 years SI) 
lxvi                                    [Feasibility study for the application of DTS as an advanced monitoring and control system for steam-assisted EOR] 
 
 
 
After the 60 years production without intervention the models were ranked. The first parameter is the 
temperature difference between the hottest and the coolest well. The higher this difference, the better is 
the production control through relocating it from the hottest to the coolest well. The second parameter is 
the difference in watercut between the well with the highest watercut and the well with the lowest 
watercut. This difference should be high between the hottest and the coolest well in order to get potential 
gain in additional production, when the production is relocated from the hottest to the coolest well. 
Despite the different histories, each model does not show significant difference in watercut. But the 
temperature at the wellhead is higher in the case of a longer hot water injection. 
The ranking has shown that the CASE_7, CASE_68, CASE_105 and CASE_123 are the most suitable for 
further study. These models will further be investigated. 
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Figure A-56 - Case 94 (15 yrs CW, 20 yrs HW, 20 years SI) 
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Figure A-57 - Case 105 (15 yrs CW, 20 yrs HW, 20 years SI) 
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Figure A-58 - Case 123 (15 yrs CW, 20 yrs HW, 20 years SI) 
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Figure A-59 - Case 132 (15 yrs CW, 20 yrs HW, 20 years SI) 
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Table A-11, Table A-12 and Table A-13 are showing the ranking of all cases. 
 
Table A-11 - Ranking of 15 years CW, 25 years HW and 20 SI 
 ΔTmax ΔTmin ΔT Points for ΔT WCTmax WCTmin ΔWCT Points for ΔWCT Multiply 
CASE_105 24.5 0.3 24.2 9 0.95 0.85 0.10 10 90 
CASE_68 22.3 5.0 17.3 7 0.95 0.87 0.09 6 42 
CASE_123 25.7 0.3 25.4 10 0.95 0.91 0.04 4 40 
CASE_7 22.2 0.5 21.7 8 0.95 0.88 0.07 5 40 
CASE_93 15.4 1.6 13.7 4 0.96 0.86 0.09 7 28 
CASE_94 8.5 2.3 6.2 2 0.95 0.85 0.10 8 16 
CASE_73 17.0 3.1 13.9 5 0.95 0.93 0.02 3 15 
CASE_66 6.9 2.2 4.7 1 0.97 0.87 0.10 9 9 
CASE_52 21.1 4.1 17.0 6 0.95 0.94 0.01 1 6 
CASE_132 11.5 1.6 9.9 3 0.95 0.94 0.02 2 6 
 
Table A-12 - Ranking of 20 years CW, 20 years HW and 20 SI 
 ΔTmax ΔTmin ΔT Points for ΔT WCTmax WCTmin ΔWCT Points for ΔWCT Multiply 
CASE_105 23.3 0.2 23.1 10 0.96 0.85 0.11 10 100 
CASE_68 21.0 4.3 16.7 7 0.95 0.86 0.09 6 42 
CASE_7 22.4 0.3 22.1 8 0.95 0.89 0.06 5 40 
CASE_123 23.2 0.2 22.9 9 0.95 0.91 0.04 4 36 
CASE_93 12.6 1.3 11.4 4 0.96 0.86 0.10 7 28 
CASE_94 6.2 1.7 4.5 2 0.95 0.85 0.10 8 16 
CASE_73 14.9 2.6 12.3 5 0.95 0.93 0.02 3 15 
CASE_66 5.6 1.4 4.2 1 0.97 0.87 0.11 9 9 
CASE_52 19.8 3.6 16.2 6 0.95 0.94 0.01 1 6 
CASE_132 10.0 1.4 8.6 3 0.95 0.93 0.02 2 6 
 
Table A-13 - Ranking of 20 years CW, 20 years HW and 20 SI 
 ΔTmax ΔTmin ΔT Points for ΔT WCTmax WCTmin ΔWCT Points for ΔWCT Multiply 
CASE_105 21.6 0.1 21.5 9 0.96 0.85 0.11 8 72 
CASE_7 22.6 0.2 22.4 10 0.94 0.86 0.09 5 50 
CASE_68 19.8 3.7 16.1 7 0.95 0.86 0.10 6 42 
CASE_93 8.7 0.8 7.9 4 0.96 0.85 0.11 9 36 
CASE_123 20.1 0.2 19.9 8 0.95 0.91 0.04 4 32 
CASE_66 4.6 0.9 3.7 2 0.98 0.86 0.12 10 20 
CASE_73 12.7 2.1 10.6 5 0.95 0.92 0.03 3 15 
CASE_94 4.8 1.2 3.6 1 0.94 0.84 0.10 7 7 
CASE_52 18.5 3.1 15.4 6 0.95 0.94 0.01 1 6 
CASE_132 8.8 1.1 7.7 3 0.95 0.93 0.02 2 6 
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